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  Summary 
 
Solvation forces and contact mechanics between two confining surfaces at the nanometer 
scale is studied using the atomic force microscope (AFM), in particular with conducting 
cantilevers. Force curves with simultaneous current measurements revealed that 
continuum models are followed for a nanoscale contact in various liquids for the probe 
interacting with the underlying substrate (graphite) and with an ordered “solid-like” 
molecular monolayer (e.g. hexadecane). Similar behavior was observed for the confined 
monolayer of a heavily branched molecule 2,6,10,15,19,23-hexamethyltetracosane 
(squalane), which was previously believed to be in a disordered state. The solid-like 
behavior of the squalane monolayer was further confirmed by direct scanning tunneling 
microscopy (STM) imaging, in agreement with a recent simulation study. For solid-like 
monolayers (e.g. hexadecane, squalane) another distinct characteristic is that just prior to 
the squeeze-out of the confined monolayer, the molecules rearrange within the contact 
zone such that the tip-substrate separation decreases.  
 
The squeezing of a monolayer of molecules which do not form an ordered solid-like layer 
(2,2,4,4,6,8,8-Heptamethylnonane (HMN) in our study) does not follow any continuum 
mechanics model. The tip-contact also fails to follow continuum models at higher loads, 
where the tip is in contact with the substrate. This is postulated to arise from the trapping 
of the disordered confined molecules, as indicated in a recent simulation. Such trapping 
occurs when the confined material is more “liquid-like”. The trapping mechanism was 




short-chain linear alkanes which are in disordered state at room temperature and at 
temperatures above the solid phase melting transition of ordered monolayers of 
hexadecane and squalane. 
  
Solvation forces on a self-assembled monolayer (SAM) surface are also studied using 
conducting AFM (C-AFM) in order to understand the effects of surrounding fluids on 
measured contact resistance. The results show that solvation layering of liquids can also 
occur on a SAM surface. The measured contact resistance of the SAM is not affected by 
the solvation layering of liquids near the SAM surface. However, the mechanical 
response of the SAM is affected due to the change in the surrounding mediums, which 
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retraction (b) curves are separated for clarity. Jump distances of ~0.5 nm were 
observed in the approach curve, corresponding to the diameter of the 
hexadecane molecule. A pull off force of ~ 0.8 nN is measured. The tip contacts 
the SAM at D=0 nm. The kinks labeled A and B show small deformations of 
the SAM under load……………………………………………………………... 
 
9. Raw data (pull off curve) showing cantilever deflection and cantilever 
amplitude (normalized) taken in OMCTS on C10SH SAM with a Si cantilever 
(kc=40 N/m). The sample was modulated using a piezotransducer with peak-to-
peak amplitude (A1) of ~2 Å. Vertical continuous arrows indicate individual 
solvation layers of OMCTS. The dashed arrows show the periodicity doubling 
effect arising from interactions in the attractive regime [62]…………………… 
 
10. Raw data (pull off curve) showing cantilever deflection and cantilever 
amplitude (normalized) taken in Hexadecane on C10SH SAM with a Si 
cantilever (kc=40N/m). The sample was modulated using a piezotransducer with 
a peak-to-peak amplitude (A1) of ~2 Å. Vertical arrows indicate individual 




















































11. Raw data (pull off curve) showing cantilever deflection and SM-AFM 
amplitude (normalized) taken in air with a Si cantilever (kc=40 N/m). The 
sample was modulated using a piezotransducer with peak-to-peak amplitude 
(A1) of ~2 Å. The vertical arrow indicates the turning point of the force 
curve……………………………………………………………………………... 
 
12. Variation of the contact stiffness with force for a C10SH SAM measured using 
sample modulation AFM with a Si probe. The stiffness variation during 
unloading is shown for measurements in hexadecane (□), air (∆) and OMCTS 
(○)………………………………………………………………………………... 
 
13. I-V curves taken on C10SH SAM on Au(111) in OMCTS at three different 
forces. The curves are linear and symmetrical over the low voltage range used. 
Contact resistance is calculated from the slope of the curves…………………… 
 
14. (a) Data showing Au-SAM contact resistance vs. applied force measured with 
different Au coated cantilevers taken in a) hexadecane (b) OMCTS,         
(c) Air………......................................................................................................... 
 
15. Contact resistance of C10SH measured by C-AFM in Air (●), Hexadecane (■) 
and OMCTS (▲) as a function of applied normal force. The bigger symbols 
(circles, squares and triangles) are the average of all the measurements for each 
surrounding medium. The smaller symbols are average of measurements for 
individual tips for each surrounding medium…………………………………… 
 
16. (a) Current vs. force curve for C10SH taken in OMCTS with sample at fixed 
bias of 1.0 V. The approach (○) and retraction () curves do not show 
significant hysteresis in the measured current. A pull off force of ~ 1.4 nN is 
measured. (b) Simultaneously measured force curve revealing discrete solvation 
layering of OMCTS as the tip approaches the surface. Jump distances of ~0.9 
nm were observed corresponding to the diameter of the OMCTS molecule. The 
tip contacts the SAM at D=0 nm………………………………………………… 
  
17. (a) Current vs. force curve for C10SH taken in hexadecane with sample at fixed 
bias of 1.0 V. The current variation with force during approach (○) shows a 
sharp rise in current corresponding to the kink observed in the force curve 
(marked with arrow A). During retraction () there is also a sharp decrease in 
current corresponding to a kink observed in the force curve (marked with arrow 
B). Significant hysteresis is observed in the measured current. (b) 
Simultaneously measured force curve revealing discrete solvation layers of 
hexadecane as the tip approaches the surface. The approach and retraction 
curves are separated for clarity. Jump distances of    ~0.5 nm were observed in 
the approach curve, corresponding to the diameter of the hexadecane molecule. 





















































18. Current vs. force curve for C10SH taken in air with sample at fixed bias of 0.5 
V. The approach (○) and retraction () curves show hysteresis in the measured 
current and a pull off force of ~ 7.0 nN is observed…………………………….. 
 
19. (a) Hysteresis ratio vs. total force (F), plotted for the data of Fig. 5.18 (C10SH 
taken in air). The solid line shows the data fitted with a power law equation to 
estimate the plastic deformation. (b) Calculated indentation for C10SH in 
OMCTS and Air. The indentation in OMCTS is elastic, whereas in air there is a 
plastic component of the SAM deformation ( pδ ). In this example, for the data 
of Fig. 5.18 and 5.19a, we find pδ =2.9 Å. Note that the total force F=Fa + Fc... 
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List of Symbols 
aA   Apparent contact area 
rA   Real contact area 
iA   Sum of the areas of contacting asperities 
a0    Contact radius at zero applied load 
a     Contact radius 
as    Contact radius at adhesion force minima 
A1   AC component of sample oscillation 
A0    DC component of sample oscillation 
α =1 corresponds to the JKR model and α =0 corresponds to the DMT model. 
β     Decay coefficient for tunneling through the molecule 
βi.    Interaction damping 
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 c     Outer radius 
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d0    DC component of cantilever oscillation 
D     Surface separation 
eδ    Elastic deformation 
pδ    Plastic deformation 
δ     Total deformation 
/δ    Phase Shift 
E     Elastic modulus  
EF    Fermi level of metal electrode 
Evac Vacuum energy level  
F     Total force 
cF   Adhesive force 
Fa   Applied force 
h     Plank constant ( )pi2h=h  
h0     Tip-sample distance where adhesive force is zero 
H     Hysteresis Ratio 
 it     Tunneling current 
kc    Spring constant 
ki     Tip-sample interaction stiffness 
Ks    Spring stiffness 
K    Effective elastic modulus 
λ     Maugis parameter 
 l     Mean free path of an electron 
m    Ratio between the contact radius a and c 
me   Effective mass of the electron 
m*  Effective mass  




N    Number of molecules within the junction 
p    Fermi momentum 
q     Electronic charge 
ρ    Resistivity of the junction 
R    Electrical Resistance 
MR Maxwell resistance 
shR  Sharvin resistance 
R0    Eeffective resistance 
 r    Tip radius 
 s    Barrier width (Tunnel gap) 
σ    Molecular diameter 
T    Transmission coefficient 
ν    Poisson’s ratio 
V    Applied voltage 
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φ    Local tunneling barrier height  
ω   Oscillation Frequency 
Z    Piezoelectric displacement 
Z0  Displacement Z where the cantilever deflection for Vc = Vc0 
z0    Equilibrium separation distance 
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Understanding the interaction between two surfaces is of immense importance for solving 
various complex scientific and engineering problems [1]. Examples include friction, 
adhesion, wear, lubrication, deformation, fracture, colloidal suspensions, biological 
interactions etc. The contact mechanics, both static and dynamic behavior, at the 
nanometer or single asperity level underpins the complex surface interactions occurring 
at the macroscopic scale. This is due to the fact that the contact between engineering 
surfaces is dominated by asperities [1]. A typical contact between two macroscopic 
bodies is shown in Fig. 1.1, where the apparent contact area between surfaces is aA  and 
area between two contacting asperities is iA . The real area rA  is the sum of the individual 
asperity contacts (Eqn. 1.1) and is almost always much smaller than the apparent contact 
area. The real contact area is a key parameter in tribology [1] and is required for 
calculations of various contact mechanics parameters such as friction, adhesion, stress, 
deformation etc [2]. 
 
Experimental techniques such as surface force apparatus (SFA) and atomic force 
microscopy (AFM) [3, 4] have for the first time allowed experiments to be performed 
with single asperity geometry. The Atomic Force Microscope (AFM) has become a 
routine tool to study force interactions and mechanics down to the nanometer scale. In 
AFM, a sharp (~ 20 nm radius) tip is brought into contact with a surface, equivalent to a 
single asperity. Thus, AFM measurements on different surfaces and in different mediums 
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       (1.1) 
Figure 1.1: Microscopic view of the contact area between two macroscopic objects. The 
apparent contact area is aA  and the real contact area is rA , which is the sum of the 
individual asperity contacts iA . 
 
Simple theoretical models have also been developed since the first work by Heinrich 
Hertz in 1882 [5] to understand single asperity contact mechanics for elastic bodies. 
Hertz theory assumes negligible adhesion between the contacting bodies. Johnson, 
Kendall and Roberts (JKR) refined Hertz theory in calculating the theoretical 
displacement or indentation depth in the presence of adhesion [6]. Derjaguin, Muller and 
Toporov (DMT) [7] also modified the Hertz theory to take into account the adhesive 
forces between surfaces for very hard materials. Details of these theoretical models and 
their application in AFM are presented in Chapter 2. Several studies including our data 
(Chapter 4) have provided sufficient evidence that single asperity contact mechanics 
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The problem of understanding interactions between two surfaces can become even more 
complex in the presence of an intervening medium, such as liquids in our studies. The 
theoretical foundation of force interactions between two approaching surfaces in a liquid 
medium was laid by Derjaguin-Landau-Verwey-Overbeek, known as the DLVO theory 
[8, 9]. The theory explains interactions between the surfaces by taking into account two 
opposing forces, attractive van der Waals forces and the repulsive double layer force [10] 
which is electrostatic in origin (see Fig 1.2). The van der Waals force is well described by 
continuum theories (Lifshitz theory [11]) and the double layer force by the Poisson-




Figure 1.2: Typical force interaction curves of DLVO theory. Electrostatic repulsion and 
van der Waals attraction force curves are shown with dashed lines. The net DLVO force 
is indicated by the solid curve which is an algebraic sum of the two forces. 
 
 
Net DLVO Force 
Electrostatic repulsion 




Surface separation (D) 
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Later, further theoretical study and experimental work using the SFA in 1981 [3] showed 
the existence of oscillatory-type, short range forces in liquids when separation between 
the surfaces approached a few molecular diameters (see Fig. 1.3). Such forces could not 
be explained by the DLVO theory and result from a completely new phenomena, namely 
the formation of liquid into discrete layers near surfaces. The forces corresponding to the 
formation of the layers are termed “solvation forces”.  
 
AFM experiments [12] conducted in liquids also revealed the presence of solvation forces 
even at the nanometer lengthscales. Solvation forces hold importance in understanding 
the behavior of colloidal suspensions [13], nanofluidics [14], AFM imaging in liquids 
[15], tribology (i.e. adhesion, friction and wear) [16], interactions in biological systems 
[17] and more recently in scanning probe microscopy (SPM) studies of electron transport 
in single molecule experiments undertaken in liquids [18]. Further complexity in force 
interaction in liquid arises due to the fact that the intervening liquid itself can be very 
complex e.g. multi-component mixtures, amphiphilic, polymeric. Also, the confining 
walls are not necessarily ideally smooth and can be amorphous, crystalline, rough, 
crystallographically aligned or misaligned, rigid or soft and with varied surface chemistry 
(hydrophilic or hydrophobic). 
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Figure 1.3: Measured oscillatory force between two mica surfaces immersed in the liquid 
OMCTS, an inert liquid of molecular diameter of ~ 0.85 nm. The arrows indicate inward 
or outward jumps from unstable to stable positions: the arrows pointing to the right 
indicate outward jumps from adhesive wells. The inset shows the peak-to-peak 
amplitudes of the oscillations as a function of surface separation (D), which have an 
exponential decay of decay length roughly equal to the size of the molecules. Data taken 
from ref. [3]. 
 
 
In this Thesis, the solvation forces and contact mechanics acting between two 
approaching surfaces have been studied using AFM in molecular liquids. A variety of 
inert and non-polar liquids (spherical, linear and branched) molecules are studied on 
graphite and self assembled monolayer surfaces to investigate fundamental problems 
related to solvation forces, boundary layer lubrication and charge transport across 
molecular layers. Specifically, experimental data is presented and resolved for the 
following problems; how is confined liquid squeezed out of a nanometer sized gap? What 
is the effect of molecular branching and the fluidity of the confined liquid on the squeeze-
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out behaviour? To what extent can the conducting AFM technique be used to study the 
conductivity and related mechanical behaviour of confined fluids and monolayers? 
 
1.2 Thesis Outline 
Chapter 2 provides a review of non-DLVO forces, specifically oscillatory solvation 
forces as explored over the last two decades using SFA, AFM and computer simulations. 
Discussion is also given on the theoretical aspects of contact mechanics and charge 
transport mechanisms relevant to nanometer length scales. The details of materials and 
experimental methods used in this thesis are given in Chapter 3. The experiments of 
squeezing of “solid-like” monolayers of linear alkanes (hexadecane) and the branched 
alkane (squalane) using conducting AFM are detailed in Chapter 4. The data is explained 
using continuum mechanics models for an elastic solid for the tip either in contact with 
the underlying substrate or within the solvation layers. The use of conducting AFM 
allows more subtle details of the confined liquid to be observed and it is shown that 
rearrangement of the molecules (hexadecane and squalane) under the tip apex occurs just 
prior to the squeeze-out of the solvation layer closest to the surface. The solid-like nature 
of the hexadecane and squalane monolayer on graphite is verified by direct imaging using 
STM. In contrast, experiments on the branched alkane HMN, which forms a disordered 
monolayer, show striking differences in the solvation layering and squeeze-out behavior. 
Continuum elastic models cannot be applied to describe the contact, either on the 
disordered HMN monolayer or with the tip in contact with the graphite due to the 
trapping of HMN molecules within the tip-sample junction. Thus a clear difference is 
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demonstrated in the mechanical behaviour of a point contact depending on the 
order/disorder of the confined material. 
 
In Chapter 5, the forces acting in a liquid is studied in the context of molecular 
electronics. Conducting AFM is undertaken on a decanethiol self-assembled monolayer 
(SAM) in three different fluids. The effect of solvation forces on the measured contact 
resistance of the SAM sandwiched between a Au(111) substrate and Au coated tip is 
found to be negligible. However, the surrounding medium strongly influences the 
mechanical response of the SAM and leads to a wide variation in the measured contact 
resistance. This is important as it demonstrates the interplay between mechanical 
response, environment and electrical behaviour when measuring electronic properties at 
the molecular scale.  
 






















Literature Review  
 
This chapter reviews the tremendous efforts which have been made in the past several 
decades to unravel the details of the properties of liquids under confinement between 
surfaces. Various tools have been used to understand the physics of confined liquids 
including computer simulations, surface force apparatus (SFA) and atomic force 
microscopy (AFM). These powerful techniques have revealed that liquids confined to 
extremely small volumes can behave like solids, non-Newtonian liquids or form ordered 
layers. Such behavior is entirely different from the bulk liquid and classical theories 
developed to explain interactions between two surfaces across a liquid medium are 
inadequate when the separation between surfaces approaches a few molecular diameters. 
Such dramatic behavior of confined liquids also carries great importance for various 
interfacial phenomena such as friction, adhesion and interactions in biological systems. In 
this chapter a review is provided of solvation forces and their measurement, with some 
emphasis on solvation on a graphite surface and the mechanical and electrical behavior of 
a point contact. The latter is essential for understanding the interaction of an AFM tip 
with a surface.  
 
2.1 Solvation Force  
The solvation force is a non-DLVO force which often exists when two surfaces are 
brought very close together (equivalent to 5-10 molecular diameters) in a liquid medium. 
Due to such extreme confinement, the liquid ceases to behave as a structureless 
continuum and can form discrete ordered layers, giving rise to a force which oscillates 
Chapter 2. Literature Review 
 9 
with separation distance. For oscillatory solvation forces, the periodicity is equivalent to 
the diameter of the liquid molecules. These forces can arise purely from geometric 
packing, without any strong attractive liquid-liquid or liquid-solid wall interactions.  
 
Oscillatory forces were first predicted theoretically in 1912 by Hardy [19]. The 
predictions of Hardy were corroborated by early experimental evidence of liquid 
structuring near liquid-solid interface or “deep surface orientation” in liquids, reviewed 
by Henniker [20]. Specific highlights of this early work are; 
 
1. Taylor and King [21] found optical anisotropy in liquids much above the melting 
point of isotropic long-chain fatty acids. This effect suddenly disappeared as the 
temperature was further increased. 
2. Lenher and McHaffie [22] found forces extending from the solid and from one 
molecule to another by exposing various solid plane surfaces to water or benzene 
vapor which allowed formation of films of defined thickness. 
3. Boyes-Watson, Davidson and Perutz [23] showed methemoglobin crystals separated 
by layers of water using x-ray diffraction. 
4. Brummage [24] found orientation patterns in films of straight-chain organic 
compounds, up to a critical temperature which was often well above the melting 
temperature, indicating some orienting  influence due to the metal surface. 
5. Deryagin and his group [25] showed about a ten fold increase in viscosity of an oil 
drop near a solid surface in comparison with the oil drop farther away from the solid. 
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6. Bradley [26] observed orientation through organic films while studying 
crystallization of ammonium iodide on mica, with or without a coating of cellulose 
acetate, showing propagation of the orientation effect of mica across the organic film. 
7. Deryagin and Kusakov [27, 28] measured the compressive strength of a thin film of 
liquid compressed between a hydrogen bubble and a plane mica surface and found 
that the liquid film thickness reached an equilibrium value and became stable for 
several hours. 
 
Henniker also reviewed several indirect experimental evidences for deep surface 
orientation including measurements of electrical conductance of oils, dielectric constant, 
multimolecular adsorption, x-ray diffraction, sciller layers, soap films, mechanical 
strength of liquid films, liquid flow in narrow passages, and adhesion. All these 
observations gave significant indications of short range structuring in liquids near liquid-
solid interfaces.  
 
However, none of the above experiments provided any details of the short range forces. 
The first direct experimental measurements of short range forces arising due to liquid 
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2.2 Experimental Techniques to measure Surface Forces 
2.2.1 Surface Force Apparatus (SFA) 
The development of the surface force apparatus (SFA) in 1981 by Israelachvili and co-
workers [3] allowed a direct method to measure forces between two surfaces with great 
sensitivity in liquids. 
 
Figure 2.1: Schematic diagram of a conventional surface force apparatus (SFA). Two half 
silvered mica sheets are glued onto hemispherical lenses. The two mica surfaces are 
brought together using motor drives. The deflection of the spring holding one of the 
surfaces and the separation between the surfaces (D) is measured using optical 
interferometry. 
 
Fig. 2.1 shows a schematic of the SFA which can measure adhesion and force-laws 
between two curved mica surfaces totally immersed in liquid or in gaseous media. The 
force (F) is found measuring the change in the spring deflection (∆z) and multiplying 
with the spring stiffness (Ks),  
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An optical technique employing multiple beam interference fringes is used to estimate the 
separation between the surfaces (D) with an accuracy of ±1 Å. The separation of the 
surfaces can also be independently controlled to within 1 Å, using a piezo driven vertical 
translation stage and the force sensitivity is 10-8 N. The shape of interference fringes also 
allows quantitative estimation of the surface deformation to be found. The mica surfaces 
can be modified to study force interactions with various materials coated on the surface, 
such as polymers, monolayers, bilayers, metallic layers, protein layers etc [29-34]. A 
variety of liquids (aqueous, organic liquids and solvents, polymer melts, petroleum oils 
and liquid crystals, etc) have been studied. 
 
Solvation forces were first observed using SFA by measuring forces between two mica 
surfaces immersed in a silicon liquid, octamethylcyclotetrasiloxane (OMCTS). Fig. 1.3 
shows the original data with a clear oscillatory profile of the force between the surfaces. 
Subsequently, oscillatory forces were found to occur for almost all kinds of simple 
liquids and even for mixtures of liquids. The periodicity of the oscillations was equal to 
the molecular diameter of the confined liquid. A range of other forces between varieties 
of surfaces were studied with great sensitivity using SFA, including adhesion, friction, 
capillary, hydration and steric forces [35]. 
 
2.2.2 Solvation Forces using Surface Force Apparatus 
An immense amount of work has been accomplished since the first development of SFA 
to study solvation forces and the various parameters affecting them, such as the structure 
of the liquid and the confining surface. In spherical or rigid molecular liquids such as 
benzene, toluene and OMCTS, oscillatory forces dominate the interaction between 
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surfaces below a separation of 5-10 molecular diameter. Similar effects were observed 
for linear molecules such as n-alkanes and alcohols. Asymmetric molecules with side 
groups or branching lack an axis of symmetry which can dramatically influence the 
solvation forces. For example iso-octadecane and polybutadienes showed a complete 
elimination of the oscillatory force law compared to their unbranched counterparts 
(octadecane and butadiene) [31, 36-38]. The molecular branches inhibit the formation of 
long range order within the confined liquid, thus decreasing the magnitude of the 
solvation force or in some cases completely removing oscillatory type behaviour. 
 
For a liquid mixture the force laws were found to be unaffected if the volume fraction of 
the dominating component exceeds 90% [39]. However, for a 50-50 mixture, the forces 
were less well defined compared to the pure component. For a mixture of different 
shaped molecules, the oscillatory forces become even smaller in magnitude due to the 
inability of the molecules to pack well. For a mixture of immiscible liquids, the 
components can preferentially adsorb on the surface and dramatically affect the solvation 
forces, e.g. the presence of trace amounts of water can dramatically affect  forces 
between two hydrophilic surfaces due to the preferential adsorption of water onto such 
surfaces [35].   
 
The surface structure of the confining walls also significantly affects oscillatory forces 
[40-42]. The solvation forces were found to vary in magnitude with the registry between 
the lattice of the confining mica surfaces. Similar effects were found on the measured 
adhesive forces where different lattice registry can change the adhesion by a factor of two 
[43].  
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Apart from surface crystal structure, roughness plays a more crucial role for measurement 
of solvation forces. For randomly rough surface oscillatory forces can vanish completely 
even for roughness of the order of a few angstroms [44].  
 
In recent years several advancements have been made in SFA to enhance the sensitivity 
of force measurements as well as to provide additional information about the confined 
liquid apart from simply measuring the force. Heuberger et al combined SFA with fast 
spectral correlation (FSC) interferometry, known as extended surface force apparatus 
(eSFA) [45], allowing simultaneous measurement of film thickness and refractive index 
with a much enhanced sensitivity than conventional SFA. The authors were able to 
determine density fluctuations within the probed volume extending over very long range 
(~ 1 µm). Importantly they concluded that the adhesive minima in the oscillations lie 
close to the expected continuum van der Waals force curve, which suggests that van der 
Waals adhesion cannot be enhanced by the deep energy minima of an oscillatory 
solvation force. 
 
Granick and co-workers also modified the conventional SFA and integrated it with 
fluorescence correlation spectroscopy (FCS) [46]. This method allowed spatially resolved 
measurement of the rate of diffusion of the confined liquid molecules within the contact 
zone due to the change in the fluorescence intensity. These measurements showed that 
the diffusion rate varies within the contact zone, being more rapid near the periphery and 
slowest near the centre under confinement. The diffusion rates can be orders of 
magnitude slower than in the bulk liquid.  
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Another important modification of SFA has been to connect springs, detectors and 
motors such that the two surfaces can slide parallel to each other at a known separation 
[47-50]. Thus, the shear or friction forces can be measured in liquid. It is found that the 
shear force can also be quantized at nanoscale separation distances. The shear changes 
between discrete values depending on which solvation layer is being measured. 
Importantly, these experiments provide insight into the state of the confined material (i.e. 
does the material exhibit solid, glassy or liquid behaviour?), because the experiments can 
measure the time response of the sliding on application of shear [51]. The confined 
material becomes more solid or glassy under increasing confinement. For example, using 
OMCTS between mica surfaces, Granick et al [52] found the effective viscosity 
increased by three orders of magnitude as the separation between two surfaces was 
reduced from 7 layers to 2 solvation layers. Another remarkable result is the observation 
of stick-slip friction for highly confined liquids [47], a phenomena normally associated 
entirely with the sliding of solid materials. 
 
2.2.3 Scanning Probe Microscopy (SPM) 
Atomic force microscopy (AFM), scanning tunneling microscopy (STM) and their 
variations are collectively known as scanning probe microscopy (SPM). AFM was 
invented in 1986 by Gerd Binnig, Calvin Quate, and Christoph Gerber [4], shortly after 
the invention of STM by Gerd Binnig and Heinrich Rohrer [53]. These microscopy tools 
broke new ground as they allowed direct imaging of surfaces down to nanometer or even 
atomic scale.  
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The working principle of an STM (Fig. 2.2) involves scanning a conducting surface using 
a very sharp metal tip (a single atom at the end in most cases) which is controlled very 
close to the surface (within a nanometer or less) using piezoelectric actuators (or 
“piezoscanners”) so that a tunneling current is detected. The tunnel current is maintained 
constant using the feedback electronics which adjust the tip-sample separation (D) in the 
surface normal direction (or z direction). In a second mode of operation the tunneling 
distance is maintained constant and the variation in tunneling current is monitored during 
scanning. This operation mode is called “constant height mode” and is good for a very 
flat surface because it allows much faster scanning as adjustment of the tip distance is not 
required. The piezoscanner enables rastering of the tip across the plane of the surface (the 
X and Y directions) which allows the STM to map the three dimensional electronic 
density of states of the surface. The tunneling current (it) varies exponentially with 
distance (s) as, 




φχ em=       (2.3) 
where me is the effective mass of the electron, φ  is the local tunneling barrier height and 
h  is the Plank constant. A 0.1 nm change in separation leads to an order of magnitude 
change in current. The exponential change in current over angstrom distances is the basis 
of the extremely high spatial resolution of STM, and remarkable lateral and vertical 
images of a variety of surfaces, down to the single atom level, can be obtained. 
Semiconductors [54], metals [55] and very thin insulating films, such as adsorbed organic 
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Figure 2.2 Schematics of the experimental setup for a scanning tunneling microscope. 
 
In 1986 the AFM was invented [4] to overcome the limitation of STM having to operate 
on a conducting surface. AFM made it possible to image surfaces such as insulators and 
soft materials e.g. polymers and biological matter [57]. In the conventional, simplest 
version of an AFM setup (see Fig. 2.3), a tip is mounted at the end of a rectangular or a 
V-shaped micro-fabricated cantilever made up of Si or Si3N4. The deflection of the 
cantilever is monitored by shining a laser beam at the back of the cantilever and detecting 
the reflected laser by using a quadrant photodetector. The cantilever is approached to the 
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sample separation, the tip experiences a force interaction with the sample surface which 
deflects the cantilever, causing a shift in the position of the laser spot on the 
photodetector. The feedback controller electronics uses the photodetector signal to 
maintain a constant force (i.e. constant deflection of the cantilever) between the tip and 
the sample. An image of a surface can be produced by sweeping the voltage across the X 
and Y piezo scanners, as in STM, but in this case maintaining a constant deflection of the 
cantilever by controlling the Z piezo.  
 
Figure 2.3: Schematic of an atomic force microscope for use in liquid. 
 
The above laser system can easily detect extremely small vertical deflection (≤ 1.0 Å) of 
the cantilever and enables surface atomic structure to be imaged in real space. However, 
due to the finite contact area between the tip and sample when in mechanical contact, it is 
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measurement technique. Images obtained give average information about the surface 
atomic structure and are termed “lattice resolution” [58]. Other imaging modes where 
cantilever is oscillated offer alternative imaging methods which can achieve true atomic 
scale resolution. The force interaction between the tip and the sample causes frequency, 
phase and amplitude changes in the oscillation of the cantilever which can be detected 
with higher sensitivity than measuring the static cantilever deflection [58]. The oscillation 
methods (also called AC, dynamic or non-contact AFM) also allow very soft samples to 
be studied (e.g. biological systems) which would be damaged due to high shear forces in 
static mode imaging. Dynamic modes of AFM mainly involve amplitude modulation 
where the change in oscillation amplitude or phase of the cantilever provides information 
about the force interaction. An alternative is frequency modulation where the change in 
the oscillation frequency is measured. This method allows a very small change in 
frequency shift to be detected and can achieve true atomic resolution in ultra high 
vacuum (UHV) [58] and very recently in liquids [59].  
 
2.2.4 Solvation Forces using Atomic Force Microscopy 
 
Solvation forces were first measured at the nanometer scale by AFM by O’Shea et al in 
1992  [12, 60] using a Si3N4 cantilever on a graphite surface immersed in OMCTS and 
dodecanol. The period of force oscillations was commensurate with the diameter of the 
molecules. In OMCTS the solvation jumps were superimposed on an attractive van der 
Waals force while in dodecanol the solvation jumps were superimposed on a repulsive 
force. The background repulsive force in dodecanol arises because of the presence of 
trace amounts of water in the liquid, which preferentially adsorbs onto the tip surface 
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giving rise to an electrostatic repulsion from the resulting surface charge [61]. Initial 
experiments were performed in static mode. Later dynamic mode measurements were 
performed showing that such techniques provide a more sensitive measurement of 
solvation [62]. The AFM results were qualitatively similar but often differ in magnitude 
compared to SFA data. Differences could be due to much smaller confinement volume in 
AFM and nanoscale asperities at the tip apex dominating the interactions. Differences in 
AFM and SFA data due to microasperities was confirmed by Lim et al [63] by measuring 
solvation forces in OMCTS between a 10-µm size glass bead glued to an AFM cantilever 
and a graphite surface. Oscillatory forces were observed with the colloid tip but were the 
same order of magnitude as for sharp (~20 nm) AFM tips. 
 
Dynamic AFM also allows the compliance and damping [64] of the confined liquid to be 
found. A marked increase in damping of the tip near the surface was found and linked to 
the increase in the effective viscosity of the confined liquid close to the surface. Recent 
measurements by Maali et al [65] and Patil et al [66] confirmed this interpretation. The 
dramatic increase in damping within the solvation layers close to a sample surface has 
serious consequences for non-contact imaging in liquid environments as the high 
resolution AC imaging techniques require a high mechanical quality factor to be 
effective.  
 
Recently Fukuma et al  achieved the first success in imaging up to two intrinsic hydration 
layers (i.e. solvation layers of water) adjacent to a lipid bilayer [67]. The results suggest 
that these hydration layers are stable enough to present multiple energy barriers to an 
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approaching nanoscale object e.g. proteins, ions etc which could affect membrane 
permeability. The molecular structure of the hydration layers revealed corrugations 
corresponding to the lipid head groups. Very large damping of the cantilever oscillations 
makes it difficult to probe the underlying substrate while imaging in non-contact mode 
[68]. The realization of true atomic resolution in liquids has opened a new era for AFM 
measurements, and solvation force studies will also benefit from this advance. 
 
A variety of liquids has been investigated using AFM to understand the effect of 
molecular geometry on solvation forces. For example, Lim et al [69] reported the first 
experimental observation of solvation layering in a heavily branched alkane (squalane) 
using sample modulation AFM. This observation contradicted early SFA results which 
did not reveal any oscillatory force for several branched alkanes, including squalane [70]. 
More recently Granick et al revisited the problem using SFA and also confirmed 
oscillatory forces for squalane, and suggested the method of cleaving mica for SFA 
measurements could have dramatic effects on force measurements [71]. Repeated 
experiments by Israelachvili et al on squalane following Granick’s experiments again 
showed monotonic force variation with no oscillations observed [72, 73]. Apart from 
force measurements using SFA and AFM, recent experiments employing neutron and 
helium atom scattering [74, 75] and X-ray reflectivity measurements [76] have indicated 
strong layering of squalane close to various solid surfaces, with squalane molecules lying 
parallel to the confining surface. A very recent simulation has shown for the first time 
that adsorbed squalane molecules can form ordered structures on a graphite surface [77]. 
Thus experiments performed on branched alkanes are still highly controversial  [72, 73] 
and the effect of branching on solvation forces is still debatable.  
Chapter 2. Literature Review 
 22 
 
In this work, the first experimental evidence of ordering in the highly branched alkane 
squalane is presented, which is in remarkable agreement with simulations [77]. However, 
another branched alkane HMN, which is asymmetric, more densely branched and with 
shorter backbone, remains in a disordered state. The effect of molecular ordering on 
solvation layering and squeeze-out of the two branched alkanes is addressed by 
simultaneously measuring force and current across the confined liquid using conducting 
AFM. The data reveals a strikingly different behaviour for the two branched alkanes, 
suggesting that their squeeze-out mechanism is different. The squeezing of the confined 
squalane monolayer reveals ordered solid like behavior and can be described by 
continuum mechanics model. Squeezing of HMN reveals significant variability in data 
due to its disordered state which leads to gradual thinning of the film. The ordered or 
disordered state of the confined liquid thus has a dramatic effect on the solvation force 
measurements. 
 
2.3 Computer Simulations of Solvation Forces 
Although SFA and AFM provided experimental evidence that confinement induced 
ordering which can lead to an oscillatory force profile in liquids close to smooth solid 
surfaces, these techniques have limitations in interpretation due to their restricted ability 
to perform experiments over wide length scales, time scales and selection of surfaces 
with specific chemistry [56]. Various theoretical approaches such as density functional 
and computer based Monte Carlo or Molecular Dynamics simulations have been 
employed to develop further understanding of the behavior and properties of confined 
liquids in the last three decades. 
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Mitchell, Ninham and Pailthorpe [78] examined the breakdown of continuum theories for 
particle interactions across liquids in the large distance regime and found that the Lifsitz 
theory still describes the interaction as the dominant contribution is the dispersion force. 
Mitchell et al also highlighted the work of Langmuir [79],  Derjaguin [80] and Onsager 
[81], which had previously raised concerns over the possibility of short range structural 
forces, but were forgotten after the success of DLVO theory [7, 9]. Langmuir indicated 
that short-range structure can propagate from surfaces and from molecule to molecule 
giving rise to strong forces between surfaces [82]. In a subsequent paper Mitchell, 
Ninham and Pailthorpe [83] showed that short range forces due to liquid structuring 
dominate the particle interactions at small distances. Using Monte Carlo simulations, 
Abraham [84]  showed that oscillatory forces may arise as an effect of liquid-structured 
wall interaction and liquid-liquid interaction. Snook et al [85-87] applied Monte Carlo 
simulation using canonical and grand canonical ensembles to understand the density 
profile of liquids confined between two hard walls and found strong density 
inhomogeneity of the liquids close to the solid walls, revealing the existence of solvation 
forces. Magda et al [88] used molecular dynamics simulations and also found density 
oscillations and solvation layering in confined liquids, in agreement with studies based on 
Monte Carlo simulations. Methods based on density functional theories were first 
developed by Tarazona [89-91] and Vanderlick et al [92] These also revealed density and 
force oscillations in hard spherical liquids confined between two solid walls, similar to 
the Monte Carlo results. Further theoretical efforts were being made to understand 
various key parameters affecting the solvation forces in liquids such as the shape of the 
confined molecules [93-96], roughness of the confining walls [97, 98] etc.  
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In view of the single asperity nature of the contact in AFM and SFA experiments, how 
liquids are squeezed out of the contact when two approaching surfaces interact with each 
other is of significant importance. This question also has direct relevance to lubrication, 
friction, adhesion and wear [99] and simulations have focused on understanding solvation 
forces for different molecular shapes, particularly linear and branched alkanes [93-95, 
100-103]. The majority of computer simulation results reveals that linear alkanes form 
solvation layering with molecules arranged with their long axis parallel to the confining 
walls and are squeezed out of contact zone in discrete steps. However for branched 
alkanes, the layers are liquid-like due to the poor in-plane order [93, 94, 100-102]. 
Persson et al further extended computer simulations beyond density or force oscillations 
and studied layering transition i.e. the squeeze-out mechanism of a layer, for various 
linear and branched alkanes [99]. The squeeze-out process is an activated phenomena 
[104] and hence is strongly dependent on the temperature and rates of the experiment. A 
significant result was that squeeze-out of the last layer of a linear alkane leads to 
complete removal of the molecules from the contact zone above a critical pressure. 
However branched alkanes have poorer in-plane ordering and the squeeze-out of the last 
layer is very sluggish which leads to trapping of the molecules, even for a nanoscale 
contact [99]. This phenomena is shown experimentally in Chapter 4. 
 
2.4 Contact Mechanics of Solids 
Problems of contact mechanics such as friction and adhesion have been challenging since 
15th century. The first studies were attributed to Leonardo da Vinci (1452-1519), 
followed by Coulomb (1736-1806), Desaguliers (early 18th century) and later pioneered 
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by Bowden and Tabor (1950) [1]. Surface roughness posed a great challenge to explain 
experimental results using theory because surface roughness makes it impossible to 
determine the real contact area. Elastic relaxation of high asperities break the adhesive 
contact of lower lying asperities, which makes analysis very difficult [2]. To circumvent 
these difficulties, experimental methods were developed to perform experiments with 
single asperity contacts. Once this was achieved with SFA and AFM, the data showed 
good agreement with continuum theories developed for single asperity contacts [35, 105]. 
Most of the analytical models deal with elastic contact at the asperity and these are 
revised below. Plastic deformation can also occur in AFM experiments but the 
underlying analysis is semi-empirical for nanoscale contacts.  
 
The continuum models described below all assume the deformations to be purely elastic, 
the materials to be isotropic and the elastic properties of the materials to remain 
unchanged under load [2]. The atomic structure of the materials is not taken into account 
and the contact radius (a) should be small compared to the radius (r) of the contacting 
sphere (Fig. 2.4). 
 
2.4.1 Hertz Model 
Hertz develop the first model in 1881 [5] for an elastic contact of a sphere on a flat 
surface. All the surfaces were assumed to be perfectly smooth. The schematic diagram 
indicating the deformation mechanism according to the Hertz’s model is shown in Fig. 
2.4. 
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Figure 2.4 Schematic representation of Hertz contact mechanics model for a single 
spherical asperity in contact with a flat surface. (a) A rigid sphere pressed against a 
compliant plane substrate. (b) A compliant sphere is pressed against a rigid substrate. r is 
the radius of the spherical asperity, Fa is the applied normal load, a is the radius of the 
contact and δ is the elastic deformation. 
 
 
Hertzian mechanics is applicable to contacts with negligible attractive surface forces or at 
high applied load. The adhesive force, ( cF ) and contact radius at zero applied load (a0), 
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Here E1 and E2 are the elastic modulus of the sphere and the flat material, 1ν  and 2ν  are 
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2.4.2 DMT Model 
In most practical situations, the surface forces are not negligible, and a0 > 0. Derjaguin, 
Muller and Toporov presented a simple model (DMT model) in 1975 [7] to take into 
account the adhesive force outside the contact region. The model takes adhesive force as 
a constant offset to the applied normal load. For a sphere on flat the adhesive force can be 
written, Γ⋅= rFc pi2 , where Γ is the surface energy or the work of adhesion. The 
important relationships in the DMT model are: 
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The DMT model assumes similar contact geometry as Hertz, i.e. loading and unloading is 
a smooth process, meaning no adhesion hysteresis is present for DMT contact. The DMT 
model fits well hard/rigid contacts where deformation due to adhesive forces outside the 
contact zone is negligible. 
 
2.4.3 JKR Model 
The Johnson, Kendall and Roberts (JKR) theory was proposed in 1971 [6] to describe the 
contact mechanics of systems with high surface energy, compliant materials and spheres 
with large radius. The theory takes into account the short-range surface-surface forces 
within the contact zone, including adhesive contributions. However it neglects the long 
range forces outside the contact zone, resulting in an infinite stress at the edge of the 
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contact. The loading and unloading process for JKR model involves hysteresis, i.e. the 
contact forms a neck which abruptly breaks when a negative load is applied (Fig. 2.5).  
 
Figure 2.5 Schematic representation of JKR mechanics model for a spherical asperity 
contact with a flat surface. A neck forms at negative load while the sphere is detached 
from the surface. 
 
The important relationships in the JKR model are: 
Adhesive force for a sphere on flat, Γ⋅= rFc pi2
3
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The contact radius at the adhesion force minima, when the sphere detaches the surface, is,  
063.0 aas ⋅=      (2.13) 
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2.4.4 Maugis-Dugdale Model 
 
The Maugis-Dugdale (MD) model was developed in 1992 [106] and takes long range 
forces into account which were neglected in the JKR model. The MD model is thus more 
general and reproduces the Hertz, JKR and DMT models as special cases. Maugis used a 
parameter λ (first introduced by Tabor) which defines the applicability of a specific 


















λ      (2.14) 
where 0z  is the equilibrium separation distance between the sphere and the substrate. 
If λ > 5, the JKR model is followed. If λ < 0.1, the DMT model is followed. 
 
Figure 2.6 Schematic representation of the MD model for a spherical asperity contact 
with a flat surface. A constant attractive force acts over a circular region of radius c and 
the attractive force falls to zero at a tip sample distance of h0. 
  
 
For Maugis-Dugdale model, the load F is related to the contact radius a by the following 
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 The parameter m represents the ratio between the contact radius a and an outer radius c 
(Fig. 2.6). The radius c represents the limit up to which a significant adhesive force is 
acting. 
 
The MD model can be used to fit AFM data and provides a deep understanding of the 
mechanics of the contact [107]. However, analysis of the experimental data using Eqn. 
2.15 can become overly complicated.  
 
Carpick et al developed a generalized model [108] which helps to eliminate the 
mathematical difficulties. The relationship between load and contact radius for the 






















     (2.16) 
where ( )α0a  is the contact radius at zero applied load. Using α =1 corresponds to the JKR 
model and α =0 corresponds to the DMT model. α  is related to the Maugis parameter λ  
by an empirical expression, 
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( )αλ 02.11ln924.0 −⋅−=      (2.17) 
In this work, current vs. force data obtained using  conducting AFM is fitted using the 
generalized model (Eqn. 2.16), which provides the value of the parameters α  and ( )α0a . 
Hence, the appropriate continuum models can be directly recognized based on the 
numerical value ofα . 
 
2.5 Charge Transport at the Nanoscale 
 
The use of conducting AFM (C-AFM) requires an understanding of how current flows at 
nanometer length scales. The description of charge transport between two metallic 
electrodes either in physical contact or separated by a nanoscale gap (e.g. a monolayer of 
organic molecules) differs markedly from conduction at macroscopic length scales. A 
simplified theoretical background of charge transport at the nanometer scale is reviewed 
in this section. 
 
 
2.5.1 Point Contact Conductance  
  
When two conducting surfaces are brought into intimate contact with a nanoscale contact 
area of the junction, a “point contact” is established between the two surfaces. For a 
macroscopic junction area, the resistance is defined by Ohm’s law where current across 
the junction varies linearly with voltage. However, when the size of the junction is 
smaller than the mean free path (l) of electrons in the material, the resistance of the 
contact does not follow Ohm’s law [109]. At such length scales, the electron transport is 
ballistic i.e. in case where electron scattering is negligible or absent.  
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For an electron mean free path (l) much smaller than the contact radius (a) of the junction   
(l << a), the Maxwell resistance [110] formula (also known as spreading resistance or 




=       (2.18) 




2=ρ        (2.19) 
where Ne is the electron density, q is the electronic charge and p is the Fermi momentum. 
 
For an electron mean free path much larger than the contact radius of the junction (l >> 











      (2.20) 
In AFM experiments the typical contact radius is of the order of a few nanometers, which 
is much smaller than the mean free path of electron in metals or in graphite. Thus, the 
Sharvin equation is used to fit the current vs. force data presented in Chapter 4. Note that 
at a fixed applied voltage, the current is proportional to the contact area ( 2a⋅pi ). Thus 
conducting AFM can be used to measure the change in contact area with load. The 
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2.5.2 Tunneling through a Metal-Molecule-Metal Junction  
 
A more common situation in AFM is to have a poorly conducting material (e.g. an oxide, 
protein, organic molecule, etc) sandwiched between the conducting surfaces of the tip 
and the substrate. In this thesis, solvation layers of organic liquids and self-assembled 
monolayers are studied. Thus, the experimental data needs to be modeled as a metal-
molecule-metal electrical junction. A common approach to model charge transport across 
metal-molecule-metal junction is to approximate the transmission with a single barrier as 
used for dielectric materials, so that the salient electronic features can be discerned    
(Fig. 2.7).   
 
 
Figure 2.7: Diagram showing energy levels of metal electrodes (tip and substrate) and the 
molecules between the electrodes. EF is the Fermi level of metal electrodes (assuming 
similar metals), Evac is the vacuum energy level and Φ is the barrier height.  
 
 
Such approaches are based on Simmons model for electron tunneling across a barrier 
[112] for which,  
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[ ]2/.2/.22 )2/()2/(2 qVsBqVsBt eqVeqVhsqai +−−− +−−⋅= φφ φφpipi               (2.21) 
where ti  is the tunneling current, φ is the barrier height, h is Plank constant, me is the 
electron mass, q is the electronic charge, V is the applied voltage, s is the barrier width 
and B=4pi√(2me)/h,. More complex expressions can be obtained to include effective 
electron mass, non-rectangular barriers or image charge effects.  At low bias Eqn. 2.21 








=      (2.22) 
Importantly, note that the current is proportional to the contact area. In conducting AFM 
experiments this allows the relative change in contact area ( 2a⋅pi ) to be monitored as a 
function of load. For molecular systems, Eqn. 2.22 is usually re-written ti =V/R, with the 
resistance (R) defined as,  
    
seRR .0
β
=                            (2.23)       
where β=B√φ is the decay coefficient for tunneling through the molecule and R0 is the 
effective resistance of the molecule-metal contacts.   
 
Engelkes et al [113] reported the inadequacies of Simmons model for molecules by 
careful analysis of the fitting of the I-V curves measured for metal-molecule-metal 
junctions formed by sandwiching alkanethiol self-assembled monolayers between a 
Au(111) substrate and a Au coated AFM probe.  The resulting parameters were clearly in 
error e.g. the fitted contact area and the barrier height obtained generated unrealistic 
values. One difficulty is that the Fermi level of the metal contact should be close to either 
the molecule’s highest occupied molecular orbital (HOMO) or lowest unoccupied 
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molecular orbital (LUMO) energy level for the Simmons model to be a valid 
approximation [114]. The exact position of the Fermi level is not known for saturated 
alkane molecules sandwiched between metallic electrodes.  However, the HOMO-LUMO 
gap for adsorbed alkanes is large (~10 eV) and the metal Fermi level is “almost certainly” 
several electron volts from the molecule orbitals [115], thus making the utility of        
Eqn. 2.23 very doubtful.  Another difficulty is that the Simmons type models do not 
describe the overlap of the molecular orbitals with the tip or substrate energy levels, 
which effectively lowers the transmission barrier [113]. An accurate description of the 
tunneling process across molecules must be done quantum mechanically, accounting for 
coupling between the electrode and molecule energy states. Approaches for molecules 
adsorbed on a metal surface include the use of an extended Huckel method [116], density 
functional theory [117] and a simple perturbation method [118] These approaches give 
good descriptions of the relative change in transmission across the adsorbed molecule and 
hence are useful to explain contrast variations in STM images.  However, approximations 
and uncertainty in the numerical values of parameters limit the accuracy of all these 
methods for the calculation of the absolute current flow, which is the quantity of interest 
in this study.   
 
For length scales smaller than the mean free path of electrons, of a metal-molecule-metal 
junction involves quantum coupling between the orbitals of the molecules, both of the 
metal electrodes, and through the binding sites of the molecule. The resistance (R) of 




=                               (2.24) 
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where T is the transmission coefficient which is determined by the net orbital overlap 
between electrodes and N is the number of molecules within the junction where the 
molecules can be treated as parallel resistors with only weak cooperative effects. Note 
that he22  is the quantum unit of conductance. 
 
Following a simplified model of Engelkes et al,  the transmission can be separated into 
components as T = TtipTsubTmol [113] , comprising the tip contact (Ttip), the substrate 
contact (Tsub) and the molecule (Tmol).  Hence, Eqns. 2.23 and 2.24 can be combined in 












     (2.26) 
The above equation is used in this work for estimation of absolute metal-molecule 
contact resistance.  
 
2.6 Problems Requiring Nanoscale Current and Force Measurements  
2.6.1 Lubrication and Friction 
Macroscopic surfaces are composed of a large number of nanoscale asperities. The 
mechanical interaction between the surfaces is dominated by these asperities which 
dictate friction, adhesion and wear between the two surfaces. The contacting surfaces 
may have different bulk properties (perfectly elastic, perfectly plastic, elastic-plastic etc) 
which also have direct impact on the contact mechanics.  
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Several experimental approaches have been attempted to understand friction, adhesion  
and contact mechanics down to a single asperity contact, such as nano-indentation [120], 
SFA [35] and AFM [105, 107]. Nano-indentation experiments are limited to high levels 
of applied loads (typically several µN)  [120], where severe surface deformation may take 
place. The SFA and AFM allows one to control forces to much lower levels (order of nN) 
which allows analysis of mechanical behavior of various surfaces within the elastic 
regime and facilitate studies of the mechanical properties of soft materials such as 
organic molecular layers [60] e.g. solvation layers of confined organic liquids and 
chemically or physically adsorbed molecular layers, which are the materials of interest in 
this dissertation. 
 
The SFA studies material confined over distances of tens of micrometers, yet a tribology 
applications (see Section 1.1) concern how material acts when confinement occurs at 
nanometer length scales. The AFM measures forces between two surfaces but with 
typical contact areas of ~10nm2. Thus AFM appears ideal to study fundamental tribology 
problems and a range of force interactions (solvation, friction, colloidal, DLVO etc.) have 
been measured between the AFM tip and a variety of surfaces. However, it remains 
experimentally challenging to obtain detailed picture of the mechanics of the contact   
because knowledge of friction, adhesion, stress, pressure, deformation, which requires the 
measurement of the contact area (see Section 2.4) and this is different at nanometer 
length scales. 
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Two approaches to obtain direct information of the nanoscopic contact area in AFM are 
to measure either the friction or current from the tip apex. Lantz et al showed that the 
variation of friction with load [105] is proportional to the contact area found by 
continuum mechanics theory (Maugis-Dugdale model). These results provided ample 
evidence that the AFM tip can be treated as a single asperity and friction is directly 
proportional to contact area for a single asperity contact. Lantz et al further performed 
indentation experiments using a metal coated AFM tip [107] and measured the variation 
of current with load at constant voltage, assuming current is directly proportional to the 
contact area. The variation of current with load was again found to be in excellent 
agreement with the Maugis-Dugdale model. 
 
Thus, the simultaneous measurement of the current and force provides a direct means of 
obtaining relative variation of contact area with load. However, using electrical 
measurements to obtain the absolute value of the contact area remains a serious challenge 
due to the limited information regarding nanoscale electrical properties of materials e.g. 
the mean free path of electrons is not known with great accuracy [107]. Also, for 
conduction across a confined organic film, as of interest in lubrication, the current 
variation is extremely sensitive to even sub-angstrom changes in separation between the 
AFM tip and the substrate [53]. 
 
Conducting AFM and continuum models are used throughout this thesis to interpret 
change in the tip-sample contact area under varying load. The alkanes used in this study 
form solvation layers on graphite. The layer closest to the graphite substrate is strongly 
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bound, which can be regarded as an adsorbed monolayer.  Pressure must be applied to 
squeeze-out the molecular layers and bring the AFM tip and graphite surfaces together. 
Thus the alkane + graphite system provides a model single asperity system for problems 
in boundary lubrication and point contact mechanics in liquid.  How is the lubricant 
squeezed out from the junction?  What are the pressures involved?  What is the state of 
the confined material?  These are some of the questions of scientific and technical interest 
in tribology and, as shown in Chapter 4, conducting AFM can elucidate such issues by 
revealing subtle changes in the contact junction which are not observed in standard force 
measurement.   
 
2.6.2 Molecular Electronics  
 
Making reliable electrical contacts at the nanoscale with an ensemble of molecules is of 
interest for applications in molecular electronics. One of the key requirements is to obtain 
a reliable measurement of the conductivity of a single (or few) molecules. At present, 
reported molecule conductivity can differ by orders of magnitude for the same molecule 
measured using identical techniques. Numerous methods have been used to measure the 
conductivity of single molecules, and all are based on sandwiching the molecules to be 
measured between two metal electrodes. These methods have been shown in the 
following research: 
 
1. Gregory et al [121] presented a simple method to make electrical contact to molecular 
layers using two conducting crossed wires separated by a monolayer of the adsorbed 
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molecules. Using this method the authors measured electrical conduction down to 
single molecule level and even single electron tunneling. 
 
2. Reed et al [122] proposed the mechanical break junction, where a metallic wire is 
immersed in a solution of molecules to be studied. The wire is broken using 
mechanical bending stress. The molecules adsorb on the surface of the broken joints, 
which are then brought back together by releasing the bending stress until the onset of 
conductance enables one to perform electrical measurements on the molecules present 
within the junction. 
 
3. Frank et al [123] used a drop of mercury as a gentle and variable electrode to measure 
electrical properties of a single carbon nanotube, making contact by dipping the 
nanotube within the mercury drop. Slowinski et al [124, 125] studied electrical 
transport properties across alkanethiol monolayers using a mercury drop electrode 
covered with a monolayer of alkanethiol molecules in a electrochemical solution. 
This method allowed thickness dependent measurement of charge transport across the 
monolayer by changing the size of the drop or by changing the length of adsorbed 
molecules. They concluded that charge transport across the alkanethiol monolayer has 
two major components: a through-bond (TB) component and chain to chain coupling 
or through-space (TS) component. The TB transport component is dominant. 
 
4. Wold and Frisbie [126] used conducting AFM to contact organic thin films, 
specifically self-assembled monolayers (SAM). The C-AFM technique has 
advantages over the other techniques in terms of the simplicity of use, molecular 
spatial resolution and the ability to simultaneously measure mechanical and electrical 
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properties of the molecular junction. Using C-AFM Frisbie et al conducted an 
extensive study of length dependent charge transport of various alkanethiol 
monolayers [113, 127], electrical breakdown of the junctions [128], charge transport 
across a bilayer junction [128], and the effect of end group chemistry and metal work 
function on charge transport [129]. A further refinement is to undertake C-AFM in a 
fluid environment [18]. This minimizes surface contamination and eliminates 
capillary forces, which in turn provides good control of the metal-molecule contact 
and minimizes damage of the molecular layers.  
 
However, the central problem remains that a range of C-AFM studies conducted on 
simple monothiol self-assembled monolayers (SAM) in a variety of surrounding 
media (liquids and air) have a discrepancy by orders of magnitude in the measured 
contact resistance. Results of these studies have been reviewed by Salomon et al 
[130] but the detailed picture of the metal-molecule contact behavior in fluid media 
remains unclear. There have been a few recent studies to understand the effect of the 
surrounding media on molecular junction properties, namely; (i) Xiulan et al [131] 
showed that for electron transport through a single alkane dithiol molecule in various 
liquid media, the measured conductance was independent of the applied normal force 
and the fluid media used. This highlights an important distinction between dithiol 
SAM and the monothiol SAM showing that the transport properties of the dithiol 
SAM junction are independent of the media and the force because of the chemical 
binding of the molecule to the metallic electrodes. However, it is also important to 
note that many molecules of interest will not form a chemical bond to metal 
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electrodes, and a general method for measuring molecular conduction is desirable. (ii) 
Break junction studies of conductance of metal contacts [132] show significant 
variation in various liquid media and fluid layering was a proposed reason for such 
effect i.e. a higher resistance would be measured if the liquid were trapped between 
the tip and the SAM. 
 
In Chapter 5, C-AFM is used to study the liquid monothiol SAM interface, the 
solvation layering which gives rise to oscillatory forces prior to the tip contact with 
the SAM, and the effect of these forces on the measured SAM contact resistance. The 
changes occurring in the transport characteristics of the junction in various 
surrounding media were also measured as a function of applied force. Hexadecane 
and OMCTS were chosen as liquid media as these liquids are completely inert and 
are geometrically well defined. These liquids have also been studied rigorously to 
understand confinement effects. It is found that electrical measurements of the alkane 
monolayer SAM junctions are highly dependent upon the elasticity of the SAM 
(which in turn may depend on the surrounding fluid) and the applied force because 
the tunnel current between the two metal electrodes is determined by the deformation 
of the SAM. Thus the measurement of the electrical properties of the molecular films 
is intimately connected to the mechanical response of the tip-sample contact, which 
changes with the local environment i.e. surrounding medium. This appears to be a 
key reason for the wide variation in the measurement of single molecule conduction.  
 
 





3.1 Scanning Probe Microscopy 
 
Scanning probe microscopy (SPM) techniques were developed with the invention of 
scanning tunneling microscopy in 1981 [4, 53]. These techniques allow imaging of 
various surfaces using a physical probe which can be scanned over the surface using a 
piezoelectric scanner. The probe is scanned over the surface line by line to obtain an 
image of a surface. SPM has been proven to be an indispensable tool for the development 
of nanoscience and technology. This technique allows one to obtain a high resolution 
image of various material surfaces down to nanometer or atomic scale in real space and 
also it provides a means to simultaneously probe various surface interactions involving 
force, current, light, thermal gradient, spin polarized current, magnetic field etc. A 
disadvantage of SPM is it’s slow speed to obtain images, although efforts are being 
currently made to greatly improve the rate of data acquisition.  Various modes of SPM 
technique have been developed depending on the imaging interaction. Table 3.1 presents 
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Table 3.1: Modes of SPM 
AFM 
• Contact mode 
• Force modulation mode 
• Tapping mode 
• Non-contact mode 
Atomic Force Microscopy 
FFM Friction Force Microscopy 
STM Scanning Tunneling Microscopy 
SNOM Scanning Near-field Optical Microscopy 
MFM Magnetic Force Microscopy 
KPFM Kelvin Probe Force Microscopy 
SECM Scanning Electrochemical Microscopy 
SThM Scanning Thermal Microscopy 
SPSM Spin Polarized Scanning Tunneling Microscopy 
SHPM Scanning Hall Probe Microscopy 
SCM Scanning Capacitance Microscopy 
EFM Electrostatic Force Microscope 
MRFM Magnetic Resonance Force Microscopy 
ESTM Electrochemical Scanning Tunneling Microscope 
SVM Scanning Voltage Microscopy 
SICM Scanning Ion-Conductance Microscopy 
PSTM Photon Scanning Tunneling Microscopy 
SGM Scanning Gate Microscopy 
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3.1.1 AFM Setup 
 
Fig. 2.3 shows a simple schematic diagram of an AFM used in this work. The 
commercial setup (Molecular Imaging Corp., USA) allows simultaneous measurement of 
tip-sample interaction forces as well as current flow between a conducting substrate and a 
metal (Au or Pt) coated AFM tip. For conducting AFM (Fig. 3.1), a conducting force 
sensing probe is connected to the virtual ground of a current to-voltage amplifier 
(Kiethley model 6485) with variable sensitivity of 1 V nA−1 to 1 V mA−1 and 
corresponding typical RMS noise levels of 20 fA to 100 nA. A 30 kΩ resistor is 
connected in series to limit the current. The sample is isolated from ground and 
connected to a voltage provided by the control electronics. STM experiments can also be 
performed using the same setup with STM scan heads. The microscope is placed inside 
an acoustic and mechanical vibration isolation chamber on a thick metal platform 
suspended with the help of stiff bungee chords. The isolation chamber is placed on an air 
table (Newport) which further dampens the mechanical vibrations. The measurements 
can be done either in air or in liquid environment. Liquid environment provides much 
less contamination and eliminates capillary forces allowing better control of tip-sample 
forces and improved imaging of soft materials such as self-assembled monolayers, 
biological systems etc. To perform AFM experiments in liquids, a Teflon liquid cell is 
mounted on top of the sample (Fig. 2.3). The cantilever is fully immersed inside the 
liquid cell to perform the AFM experiments. 
 
 












Figure 3.1: Schematics of a conducting atomic force microscope (C-AFM). The bias 
voltage (V) is supplied by the AFM control electronics. The output from the current 
amplifier is read as an additional input channel by the AFM controller. 
 
 
3.1.2 Force Measurements in Static Mode 
 
Most of the data presented in this work is undertaken in the contact (or static deflection) 
mode. The interaction force between the tip and the sample surface can be measured by 
monitoring the change in the static deflection of the cantilever upon interaction with the 
sample. In a typical force curve cycle acquired in a static mode AFM experiment, the 
cantilever is approached to the surface from a given distance by software controlled 
ramping of the Z-piezo DC voltage, the cantilever is pressed on the surface up to a certain 
limit and is retracted by reversing the Z-piezo voltage signal to complete the cycle. The 
raw data consists of the cantilever deflection and the change in displacement of the 
piezoelectric scanner during the approach and the retraction cycles. The force vs. tip-













Chapter 3. Experimental Methodologies 
 47 
sample distance curve can be obtained from the deflection vs. piezoelectric displacement 
curve using simple mathematical calculations.  
 
As an example Fig. 3.2a shows a force curve taken on a decanethiol (C10SH) self-
assembled monolayer (SAM) surface in OMCTS liquid. When the probe is distant from 
the SAM surface the deflection of the cantilever is constant (at value Vc0) as the force is 
immeasurably small. As the probe approaches closer to the SAM surface and starts 
interacting with the sample, the cantilever begins to deflect because of forces acting on 
the tip apex. In Fig 3.2a the steps observed in the deflection curve are due to the solvation 
layering of OMCTS. The tip pushes through individual OMCTS layers and squeezes 
them out above a certain force. After the last OMCTS layer is removed, the deflection of 
the cantilever shows a continuous linear increase with displacement due to the hard wall 
repulsion i.e. the tip is now in contact with the SAM surface. The retraction curve shows 
linear decrease in deflection with displacement as the cantilever is pulled away from the 
surface. Before the cantilever jumps off the surface (at point A) the deflection (Vc) goes 
lower than the level when the cantilever is far away from the surface (i.e. Vc<Vc0). This 
happens due to the adhesion of the tip to the SAM surface. Several solvation layers are 
observed in the retraction curve as well. Finally the cantilever deflection returns to a 
constant level (Vc0) far away from the sample as the force acting on the tip again becomes 
























Figure 3.2: AFM force curve acquisition on decanethiol SAM surface in OMCTS. (a) 
Raw data: Approach (black) and retraction (red) curve showing cantilever deflection vs. 
piezoelectric displacement. The curve shows several jumps (solvation layers) before the 
tip contacts the sample surface. Z0 and Vc0 are defined by the dashed line. (b) Conversion 
of curve (a) to obtain true force vs. distance curve. The jump distance between the layers 



















  (b) 
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In order to extract the force vs. tip-sample distance curve (Fig. 3.2b), the piezoelectric 
displacement data (Fig. 3.2a) has to be modified. The force (F) can be directly calculated 







VVkF       (3.1) 
where kc is the spring constant of the cantilever, Vc is the measured deflection of the 
cantilever (in volts) during a force curve acquisition and Vc0 is the deflection of the 
cantilever far away from the surface (where F=0). The sensitivity of the photodetector 
( Ω  in volts/nm) is calculated from the slope of the deflection curve in hard wall contact 





=Ω       (3.2) 
The piezoelectric displacement (Z) can be accurately calibrated for an individual AFM 
(see Section 3.2.1). The tip-sample distance (D) is calculated from the piezoelectric 
displacement (Z) as, 






cc VVZZD      (3.3) 
where Z0 is the displacement Z where the cantilever deflection Vc equals Vc0 with the 
cantilever in hard contact with the surface (see Fig. 3.2a). 
 
The converted data (Fig. 3.2b) shows the tip contacts the surface at D=0 and the distance 
between the solvation “jumps” is ~8 Å, the approximate molecular diameter (σ) of the 
OMCTS molecule. The force required to squeeze-out a layer increases as the tip moves 
closer to the surface. Note that repulsive forces are positive and attractive forces are 
negative. In this example, the adhesive force (Fc) is -1.4 nN. 
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3.1.3 Sample Modulation AFM in liquids 
 
 
In this work, the stiffness of the SAM samples is also measured directly using sample 
modulation atomic force microscopy (SM-AFM). This technique involves exciting a 
sinusoidal oscillation of the sample at a given frequency, with very small amplitude, and 
measuring the response of the cantilever as the stiffness and damping of the tip-sample 
contact changes [63, 133].  
 
Figure 3.3: The rheological model for sample modulation where the amplitude of the 
piezotransducer [133] driving the sample is A and the tip displacement is d. The 
cantilever is represented by a spring with spring constant kc, a dashpot with damping βc, 
and an effective mass of m*. The tip-sample interaction is represented by a spring ki and a 
dashpot βi. 
 
At sufficiently small separations the oscillating sample induces vibrations in the 
cantilever because of the tip-sample interaction forces. To analyze the dynamic response 
of the cantilever for small amplitude sinusoidal oscillations, the cantilever motion can be 
approximated to simple harmonic motion. A schematic rheological model of the sample-
modulation system is shown in Fig. 3.3. The tip displacement and the amplitude of the 
kc βc 
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sample motion are denoted with d and A respectively. The cantilever is represented by a 
spring constant kc, damping βc, and an effective mass of m*. The tip-sample interaction 
stiffness is represented by a spring ki (the desired quantity) with damping βi. Note that the 
interaction stiffness is related to the tip-sample force as ki = dF/dD, where F is the normal 
force and D is the tip-sample separation.  
 
Figure 3.4: Schematic of the experimental setup for the sample-modulation technique. 
 
The equations of motion describing this system are [134]; 
tAAA ωcos10 += ,                    (3.4) 
 















Signal Cantilever Oscillation 
Amplitude 
Static Deflection 
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 )()(*2*2* dzkdzmdkdmdm iicc −+−=++ &&&&& ββ      (3.6) 
Where a single dot (‘.’) on d refers to the rate of change and a double dot (‘..’) refers to 
the acceleration, /δ is the phase shift between the sample and cantilever motions. The 
subscripts 0 and 1 denote the dc and ac components respectively of d and A. The solution 
is  

































=        .                   (3.8) 












           (3.9) 
 
and the phase shift /δ   becomes negligible.  
Since the frequency of modulation used experimentally is always much lower than the 
resonance frequency of the cantilever, Eqn. 3.9 can be used to find the interaction 
stiffness ki by measuring the change in the amplitude of the cantilever oscillation (d1). 
The sample oscillation (A1) and cantilever stiffness (kc) are known.  
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To perform the experiments the sample is placed firmly onto a piezoelectric plate inside 
the AFM liquid cell (Fig. 3.4). A lock-in amplifier (EG&G 7265) is used to drive the 
piezotransducer and to measure the induced cantilever oscillations (d1).  
 
The experiments presented in Section 5.3.4 were performed using Si cantilevers of 
stiffness ~ 40 N/m (Nanosensors Gmbh). The resonance frequency of the cantilever was 
measured to be ~270 kHz in air. The sample is modulated at oscillation frequency of 
~600 Hz, with a very small peak-to-peak amplitude ( 1A ) (~2 Å in our experiments). 
Detailed discussions of the measurement are given in Section 5.3.4. Thus Eqn. 3.9 can be 
used to find the interaction stiffness (ki). Typically this is done as the tip-sample distance 
is varied, thus yielding a stiffness ki versus distance curve. 
 
3.2 AFM Piezo Calibration 
The piezoelectric scanner moves the tip (or sample) in the horizontal (X, Y) or surface 
normal (Z) directions. Calibration is undertaken by imaging a known sample and the 
methods used in this work are detailed below. 
 
3.2.1 Z  Piezo Calibration  
 
 
A freshly cleaved HOPG surface exposes a very clean atomically flat basel plane of 
graphite. The surface also consists of several atomic steps of well known height which 
can be used to calibrate the AFM/STM piezo scanner in the Z direction. Fig. 3.5 shows 
an AFM image of HOPG where a single atomic step and a double atomic step are 
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observed. The known individual atomic steps of HOPG are ~3.4 Å [135] in height and Z 
can be calibrated accordingly. 
 
 
Figure 3.5: 125 nm × 125 nm contact mode AFM topographic image of a HOPG surface. 





3.2.2  X and Y Piezo Calibration 
 
Muscovite mica is used for calibration in the X and Y direction as the lattice resolution 
image of mica can be readily obtained in air. Muscovite mica is a naturally obtained 
mineral composed of silicates of aluminium and alkalis with hydroxyl (chemical formula: 
H2KAl3(SiO4)3) [136]. Mica is cleaved easily along the basel planes to provide an 
atomically flat surface over a very large area and is extensively used as a substrate.     
Fig. 3.6 shows the atomic structure of muscovite mica. The cleaved basel plane shows a 
hexagonal lattice with spacing of ~5.2 Å. Fig. 3.7 shows a lateral force microscopy image 
of mica revealing the hexagonal lattice. The X and Y piezoscanners can be calibrated 
from these images. 




Figure 3.6: (a) The crystallographic arrangement of atoms in mica. (b) Top view of the 


















Figure 3.7: Lattice resolution image of a mica surface (8 nm × 8 nm) in friction mode. 
The hexagonal lattice is clearly observed. 
 
 
3.3 Tip Preparation and Characterization 
 
 
To perform the AFM experiments in contact mode for imaging, force curve and 
conducting AFM experiments, the choice of cantilever spring constant is critical. To 
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measure solvation forces, which are weak and short-range, soft rectangular cantilevers 
(Olympus RC800PSA (ORC8), spring constant 0.38 or 0.76 N/m) made of Si3N4 were 
found to be very suitable (Fig. 3.8). The dimensions and resonance frequency of the 
cantilevers, which together define the spring constant of the cantilever [138], were 
measured for every cantilever used and found to be in close agreement with the 
manufacturer’s values.  
 
To construct conducting AFM tips, Si3N4 rectangular cantilevers were coated with 5 nm 
Cr followed by 30-40 nm Au in a thermal evaporator at a pressure of ~2 × 10-5 Pa. All the 
tips were prepared fresh for each experiment as degradation in tip conductivity was 
noticed if the tips were stored in a dry box for several days. The change in spring constant 
of the cantilever due to Cr/Au coating was not taken into account, as this effect has been 




Figure 3.8: SEM image of a typical rectangular Si3N4 cantilever used in this work for 
contact mode imaging and measuring solvation forces. A pyramidal tip is mounted at the 
end of the cantilever. 
 






Figure 3.9: SEM images of the Au coated tips: (a) and (b) images of a tip obtained after 
force spectroscopy experiments. Such images are used to estimate the tip radius of 
curvature (in this case ~ 30 nm). (c), (d) SEM images of tips which were damaged during 
the experiments. In (d) melting of the Au coating has occurred. 
 
 
Special precautions were taken for experiments with conducting cantilevers as the Au 
coating is very delicate. In contact with a sample extremely high stress (~1-2 GPa) occurs 
near the tip apex which can lead to damage or wear of the Au coating. Thus, the probes 
were not scanned very often on the surface and only a limited number of force curves 
(~10-20) were obtained with each individual probes. The voltage between the tip and 
sample was always kept below 1.0 Volts in all the experiments. At higher applied 
c d 
a b 
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voltages the Au coating at the tip apex may melt and also undesirable electrostatic forces 
start dominating the short range forces of interest. After each experiment, the tips were 
carefully imaged at high resolution using a FESEM to measure the tip radius of curvature 






Highly oriented pyrolytic graphite (HOPG) is used in this study as a conducting, 
atomically flat substrate on which solvation forces can be easily observed in the chosen 
liquids. HOPG is a high purity crystal of carbon where the sheets of carbon (called 
“graphene”) are stacked parallel to each other (Fig. 3.10). Within a sheet, the carbon 
atoms are covalently bonded, which makes HOPG a good conductor of heat and 
electricity along the atomic plane. Perpendicular to the atomic planes, the sheets are 
weakly bonded via van der Walls interactions which leads to poor electronic coupling of 
the carbon atoms and is the reason for poor thermal and electrical conductivity [140]. The 
weakly bonded layers make it easy to cleave HOPG using masking tape which produces a 
clean, atomically flat surface ideal for various microscopy experiments. Fig. 3.11 shows 
an STM image of HOPG after piezo calibration, showing a step height of ~0.35 nm 
which is close to the known value of ~0.34 nm [135]. The lattice image shows 
hexagonally packed carbon atoms with atomic spacing of ~0.25 nm after calibration. This 
spacing is different than the distance between carbon atoms within the atomic plane. This 
effect arises due to the ABAB…. type stacking of the atomic planes, where alternate 
atomic planes are shifted in such a way that only half of the carbon atoms (B atoms) in 
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one plane overlap with the carbon atoms in the adjacent plane. This is the reason STM 
images show hexagonal lattice images, where individual bright spot correspond to the 
alternate carbon atoms of HOPG basel plane which fall on the hollow site of the adjacent 






                                 (a)                                                                 (b) 
 
Figure 3.10: (a) Crystallographic arrangement of HOPG, showing the stacking of atomic 
layers (ABAB) with the distance between two similar planes being ~0.67nm. (b) Top 
view of HOPG indicating the lattice positions of carbon atoms in adjacent graphitic 
layers (top layer: continuous line, bottom layer: dotted line). Overlapping carbon atoms 
are defined as B atoms (open circle) while the non-overlapping ones are defined as A 
atoms (filled circle). A carbons located above hollow sites (hexagonal center) in the 
adjacent layer are the sites detected by STM as indicated by the bright spots in Figure 
















                                      (a)                                                                          (b) 
 
Figure 3.11: (a) 300 nm × 300 nm STM topographic image of a freshly cleaved HOPG 
surface showing a single atomic step of height ~3.5 Å. Tunneling conditions: Vsample = 
+100 mV, it=200 pA. (b) 4 nm × 4 nm STM topographic image showing the HOPG 
lattice. The bright dots represent A atoms in Figure 3.10b with a spacing of ~2.5 Ǻ. 





3.4.2 Au (111) on Mica 
 
High quality, atomically flat Au films are required as a substrate for the deposition of 
thiol self-assembled monolayers (see Section 3.4.3) Epitaxial Au(111) films were 
deposited on a mica surface by thermal evaporation of gold on mica under high vacuum 
[141]. Polycrystalline Au (99.999% purity) was purchased from Electronic Materials 
Technologies Pte Ltd. Mica sheets were purchased from Mica Fab. Inc. Freshly cleaved 
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mica sheets are introduced into an evaporator and were heated at constant temperature 
(550 °C) for 22 hours. The mica substrates were then cooled to 450 °C in 30 minutes and 
a 100 nm thick Au (111) film was deposited by thermal evaporation at a base pressure of 
~2 × 10-5 Pa and a rate of ~1 Å/s. After deposition, the substrates are cooled to room 
temperature at a constant rate of ~1 °C /min.   
 
STM imaging of Au(111) in liquid tetradecane (Aldrich, purity>98%) was performed at 
room temperature. After a freshly prepared Au(111) sample was taken out of the 
evaporator, a small drop of pure tetradecane was quickly placed on it. STM imaging was 
then performed. The Au(111) films show grains of Au with atomically flat terraces (Fig. 
3.12(a)) with hexagonal atomic packing (Fig. 3.12c), which confirms the (111) 
orientation. The well known Au (22 × √3) reconstruction was observed on atomically flat 
terraces (see Fig. 3.12 b), in agreement with observations made in UHV environment 
[142, 143]. Molecular scale imaging, taken at smaller tunnel current,  reveals the lamellar 
stripes of the tetradecane monolayer  which has formed on the surface (Fig. 3.13a and b), 
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                             (c) 
 
Figure 3.12: (a) Topographic STM image of a freshly prepared Au(111) surface (500 nm 
× 500 nm) taken in tetradecane. Tunneling conditions: Vsample = 400 mV, it=20pA. (b) 
Topographic STM image of Au(111) (100nm × 100nm) showing atomically flat surface 
with (22 × √3)  known surface reconstruction. Tunneling conditions: Vsample = 400 mV, 
it=30 pA. (c) Friction mode AFM image of Au(111) surface (4.5 nm × 4.5 nm), taken in 
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                             (a)                                                           (b) 
 
Figure 3.13: (a) STM topographic image taken at the tetradecane/Au(111) interface 
(17nm × 17nm) revealing lamellar stripes of tetradecane molecules. Tunneling 
conditions: Vsample = 400mV, it=10pA. (b) STM topographic image of tetradecane 
molecular stripes (8nm × 8nm) showing individual tetradecane molecules within the 




3.4.3 Self-assembled Monolayer (SAM) on Au (111) 
 
 
The SAM are used in this work as a “molecularly rough” surface for studying solvation 
forces and as a model system for measuring molecular conductivity relevant to research 
into single molecule electronics. A self-assembled monolayer (SAM) is a single layer of 
molecules on a solid surface which spontaneously forms on exposure to the molecules. A 
SAM can be prepared on a surface via various techniques such as molecular beam 
epitaxy, chemical vapor deposition or solution growth [145]. Growth of SAM from 
solutions of desired molecules is the simplest method of preparation. One of the most 
widely studied SAM is formed by various alkanethiols on Au(111) surface [145]. 
Alkanethiol molecules strongly adsorb on a Au surface via the S-Au bond (binding 
energy 85–145 kJ/mol) [146].   
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In this work n-decanethiol (labeled C10SH) SAM was formed on fresh Au (111) 
substrates by immersion in 1mM chloroform solutions for ~15 hours. The Au (111) 
substrates were immediately placed in freshly prepared n-decanethiol (C10SH) solution, 
just after removal from the evaporator. Decanethiol (Aldrich) was used as purchased. 
After SAM formation the samples were rinsed copiously with pure chloroform and dried 
under a N2 gas stream immediately before introduction into the AFM liquid cell.  
 
The structure of the prepared SAM was studied by STM in air and in liquid medium. The 
adsorption and growth of alkanethiol monolayer on a Au(111) surface takes place over a 
period of time. Initially alkanethiol molecules bind to the gold surface in a lying-down 
orientation where the alkyl chain of the molecules lies flat on the gold surface. As the 
concentration of the molecules increases on the surface, at some coverage the alkyl 
chains start lifting off the substrate and aligning normal to the surface, with one end of 
the molecule anchoring to the surface via the gold-sulfur bond [146]. Finally, the 
molecules form hexagonally packed structures in individual domains, with molecules 
occupying alternate voids on the underlying Au(111) surface which has a (√3×√3)R30o 
structure. The molecules are tilted ~30o from the surface normal in the closed packed 
structure (see Fig. 3.14b). Fig. 3.14b shows an image of C10SH SAM formed on 
Au(111). The dark pits are known as etch pits and they form as a result of highly 
exothermic adsorption of the thiol molecules on the surface leading to a nonequilibrium 
surface rearrangement [147]. Studies have ruled out the chemical etching of the Au as a 
cause for the pit formation [148]. Fig 3.15 shows an image of the molecular arrangement 
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of the alkanethiols on Au(111). The c(4×2) lattice [149], which is know to be the 
thermodynamically most stable phase of the alkanethiol monolayers, is always observed. 
STM images showing the c(4×2) lattice reveals thiol molecules of two different contrasts 
[150, 151]. This was originally attributed to an alternation of the plane defined by the all-
trans hydrocarbon backbones [152-154]. More recently, modeling of grazing incident X-
ray diffraction (GIXD) profiles suggested that neighboring sulfur atoms pair to form a 
surface disulfide in addition to alternation of the hydrocarbon backbones, which was 
supported in a subsequent study that employed resonant sum-frequency generation [155, 
156]. 
 
        
                               (a)                                                                (b) 
 
Figure 3.14: (a) STM topographic image (50 nm × 50 nm) of n-decanethiol SAM on 
Au(111) showing a well packed structure with various domains, domain boundaries and 
etch pits. Tunneling conditions: Vsample = -1.0V, it=2 pA. (b) A schematic of the final 
configuration of an alkanethiol SAM on Au (111) taken from ref. [157]. 
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                             (a)                                                                           (b) 
 
Figure 3.15: STM topographic image (10 nm × 10 nm) of n-decanethiol SAM on 
Au(111) showing the well known c(4×2) phase. Tunneling conditions: Vsample = -1.0V, 





Most of the experiments in this work are performed in simple liquids (linear alkanes, 
branched alkanes and spherical molecules). All the liquids were purchased from Aldrich 
(purity ≥ 98 %) and were used without any further purification. These liquids are non-
polar, non-crystalline, inert and geometrically well defined. These liquids have been 
extensively studied as model lubricants in a variety of approaches including AFM, SFA 
and theoretical modeling [3, 12, 15, 36, 39, 44-47, 60, 62, 64-66, 69-71, 77, 93-96, 100-
103, 158-166].   
 
Linear alkanes (CnH2n+2) above a critical chain length (n=14 at room temperature) form 
well ordered monolayers on HOPG and are ideal systems for understanding solvation 
forces and lubrication at the molecular scale. A linear alkane used extensively in this 
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work is hexadecane (Fig. 3.16a). Hexadecane has a chain length of ~2.36 nm [36] and a 
diameter of ~0.45 nm. 
 
Squalane is a branched alkane (2,6,10,15,19,23 hexamethyltetracosane) with a linear 
backbone of 24 carbon atoms (Fig. 3.16b). The branching adds complexity to the shape 
of a linear alkane and has attracted attention to understand the effect of branching on the 
magnitude of solvation forces and changes in lubrication behaviour [69, 71, 74-76]. 
Indeed, squalane is often used as a model boundary layer lubricant.                 
2,2,4,4,6,8,8-Heptamethylnonane (HMN) is another branched alkane used in this work. 
HMN has much shorter backbone (9 carbon) compared with squalane (Fig. 3.16c). HMN 
was chosen because it’s molecular weight is similar to hexadecane but the molecular 
shape is complex. Thus this molecule provides an interesting system for a direct 
comparison between a linear alkane and its branched isomer. As will be shown, 
molecular branching has profound consequences on the behaviour of the confined fluid. 
 
Octamethylcyclotetrasiloxane (OMCTS) is used in our studies (Chapter 5) to understand 
fluid confinement of spherical molecules, particularly solvation  effects in conducting 
AFM measurements of charge transport across a self-assembled monolayer [130]. 
OMCTS is a spherical and large molecule (Fig. 3.16d) and it is relatively easy to observe 
solvation layering in simple static mode AFM experiments. Further, OMCTS has been 
extensively studied using the SFA method so there is literature available for comparison 
with the AFM data [35]. 
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(a) Linear Alkane: Hexadecane (C16H34) 
 
(b) Branched Alkane: 2,6,10,15,19,23-hexamethyltetracosane (Squalane:C30H62) 
 
(c) Branched Alkane: 2,2,4,4,6,8,8-heptamethylnonane (HMN: C16H32) 
 
 
(d) Spherical Molecule: Octamethylcyclotetrasiloxane (OMCTS: [SiO(CH3)2]4 
Figure 3.16: Atomic configuration of the liquid molecules, (a) Hexadecane C16H32, (b) 
Squalane, C30H62, (c) 2,2,4,4,6,8,8-Heptamethylnonane or HMN, C16H32, (d) 
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Chapter 4  
Measurements on HOPG in Liquids  
 
In this chapter the major emphasis is laid on understanding the behavior of liquids with 
different molecular shapes confined between a sharp conducting AFM tip and an 
atomically flat graphite (HOPG) surface. A comparative study is performed between 
linear and branched molecular liquids (Hexadecane, Squalane, and HMN). Images of the 
adsorbed liquid layer closest to the graphite surface (the monolayer) are also presented. 
Simultaneous measurement of current with force measurement is presented in each liquid 
and results are explained based on continuum mechanics models (as discussed in Chapter 
2).  
 
Such experimental study gives us detailed information of the squeeze-out mechanism of 
the liquid layer closest to the graphite surface as well as the mechanical interaction of the 
AFM probe with the graphite surface in the presence of various liquids. The molecular 
shape affects the ordering of molecules, which in turn affects the solvation forces and 
squeeze-out of the confined molecules. We find dramatic differences in solvation forces 
and squeeze-out behavior of confined molecules, which is strongly related to the state 
(i.e. ordered or disordered) of the confined liquid. We provide the first experimental 
evidence of ordering in a heavily branched alkane (squalane) monolayer in liquid, which 
agrees with recent simulations. We also find that ordered monolayers (e.g. squalane and 
hexadecane at room temperature) show solid-like behavior and exhibit similar lubrication 
properties, such as solvation forces and squeeze-out behavior. In contrast, disordered 
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monolayers, such as 2,2,4,4,6,8,8-heptamethylnonane at room temperature, do not show 
such behavior. This behavior is also observed in preliminary experiments on short-chain 
linear alkanes (dodecane and decane), which do not form ordered monolayers at room 
temperature. We show that this behavior is intimately related to the temperature and 
timescales of the experiment because the squeeze-out phenomena is thermally activated. 
Note that the data shown is representative of many individual force curves taken with at 
least five different tips for each experimental variation. 
 
4.1 Solvation Forces measured using AFM in Liquids 
 
Solvation forces are measured in pure liquids with different molecular architecture, 
namely linear alkanes (Hexadecane) and branched alkanes (Squalane and HMN) using 
gold coated Si3N4 cantilevers of spring constant ~ 0.38 or 0.76 N/m. In the force curves, 
the tip in contact with the HOPG is labeled as n=0, the monolayer as n=1, and subsequent 
solvation layers as n=2, 3, etc. 
 
4.1.1 Hexadecane  
 
Hexadecane has been widely studied in order to understand solvation forces in linear 
alkanes confined between two surfaces, using both AFM [167] and SFA [36]. AFM force 
measurements in hexadecane on graphite reveal oscillatory type solvation forces as the 
probe approaches close to the graphite surface. Around 5-8 layers are easily observed in 
the contact mode AFM force curve (Fig. 4.1).  Hexadecane strongly adsorbs on the basel 
plane of graphite, forming a well ordered monolayer with lamellar structure  [167]. These 
lamella can be imaged using AFM if the force is controlled within the first layer (n=1) or 
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using STM. Details of imaging are given in Section (4.2.1). The magnitudes of the forces 
agree well with previous experiments [167] and the solvation jump distance is 4.7±0.7 Å, 
corresponding to the molecules lying flat on the surface. 
 
Figure 4.1: Force as a function of the tip-sample separation for hexadecane on HOPG. 
Solvation “jumps” are observed in the force curves and are labeled n=0 to 5, with n=0 
being the tip in contact with the HOPG substrate. Data is taken at room temperature with 





Linear alkane molecules (e.g. hexadecane) reveal discrete solvation layering where 
molecules are arranged with their long axis parallel to the confining walls [36]. Studies 
on branched alkanes remain controversial. Early research suggested there was no layering 
for branched molecules under confinement [70, 168], the idea being that the side chain 
branches disrupt the ability of the molecules to form a layer. More recent studies showed 
that layering also occurs for branched molecules under confinement [93-95, 99-103]; 
however, the layering is weaker than linear alkanes due to the poorer in-plane ordering 
[93, 94, 99-102]. In the development of solvation layers in branched alkanes, the extent 
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of branching and symmetry of the molecules can play an important role.  A recent 
simulation has revealed that in-plane ordering and branching can also dramatically affect 
how the confined fluid is squeezed out of the contact [99]. The branched alkane remains 
in a disordered or liquid-like state and the squeeze-out of the last layer is more sluggish, 
which leads to trapping of the molecules within the contact zone. 
 
Our measurements also indicate strong solvation layering of squalane close to HOPG 
surface, with the molecules lying parallel to the surface. Fig. 4.2 shows force curves 
taken in squalane on HOPG. For squalane, ~5-6 jumps in the force curves were observed. 
The average solvation jump is 6.2±1.1 Å. Imaging of the layer closest to the graphite 
surface (n=1) has been obtained for the first time and is discussed in detail in Section 
4.2.2. 
 
Figure 4.2: Data showing force as a function of the tip-sample separation for squalane on 
HOPG. Clear solvation jumps are observed indicated by n=1-5, where n=0 is the graphite 
surface. Data is taken at room temperature with a Au coated cantilever of spring constant 
0.76 N/m and tip radius ~ 36 nm. 
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4.1.3 2,2,4,4,6,8,8-Heptamethylnonane (HMN) 
 
 
HMN is a branched isomer of Hexadecane and Fig. 4.3 shows a representative force 
curve. Very weak solvation layering is observed and most of the force curves do not 
reveal sharp solvation jumps between layers. The slow transition between solvation 
layers more resembles that of yielding of a polymer monolayer [169] and small kinks 
(shown by unlabelled arrows) observed in the layer closest to the graphite surface (n=1), 
suggest a change in conformation of the confined molecules under compression. The 
separation between solvation layers is ill defined but appears to be 5.7±1.9 Å for the n=2 




Figure 4.3: Data showing force as a function of the tip-sample separation for HMN on 
HOPG. HMN shows very weak jumps indicated by n=0-3 (n=0 is the graphite surface) 
with several kinks (shown with unlabelled arrows) in the force curve. Data is taken at 
room temperature with a Au coated cantilever of spring constant 0.76 N/m and tip radius 
~ 19 nm. 
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4.2 Imaging of Adsorbed Molecules using STM and AFM 
 
4.2.1 Hexadecane  
 
Hexadecane molecules strongly adsorb on basel plane of graphite and form highly 
ordered lamellar structure which can be imaged using AFM or STM. AFM images reveal 
lamellar structure of the hexadecane monolayer when the value of the applied force is set 
within the bounds defined by n=1 in the force curve (see Fig. 4.4). When the imaging 
force is increased the monolayer is squeezed out, the tip contacts the HOPG (n=0) and an 
image of the graphite lattice is observed. The imaging of the HOPG provides additional 
proof that the hard wall contact has been reached and the assignment of D=0 is correct. 
Both the topographic and friction force signal reveal the lamellar structure of hexadecane 
(Fig. 4.5). STM can produce images with greater resolution (see Fig. 4.6) as contact 
mode AFM resolution degrades due to the finite tip-sample contact area.  
 
It has been a debatable issue whether the multiple layers are “pre-existing” due to 
adsorption or appear purely due to the effect of confinement. There is no experimental 
evidence of imaging of more than one layer of short-chain alkane such as hexadecane. 
The only image of the n=2 layer has been reported for a very long-chain alkane n-C36H74 
[170, 171]. Grazing incidence X-ray [172], differential scanning calorimetry (DSC) [173, 
174], neutron scattering [173, 175, 176] and simulations [101, 177] indicate that 1 to 2 
solvation layers occur on a free surface but the layering fades very rapidly with distance. 
The observation of 5-8 solvation layers in the AFM force curve thus strongly suggests 
that the solvation forces arise from a combination of mechanisms, with the most tightly 
Chapter 4. Measurements on HOPG in Liquids 
 75 
bound layers (n=1 to ~3) being due to adsorption and the outer layers (n≥3) arising from 
confinement of the fluid between the two solids. Note that the temperature also plays a 
key role. DSC and neutron diffraction experiments show that on graphite the ordered 
monolayer of a linear alkane melts significantly above the bulk melting temperature of 
the liquid [173, 175, 176]. Such data is taken on a free surface. The second layer (n=2) in 
such systems melts only just above the bulk. For hexadecane, the bulk melting 
temperature is <20 °C, which is well below the experimental temperatures of Fig. 4.4 (25 
°C) whereas the monolayer melting temperature on HOPG is ~55 °C [174]. These 
considerations fit well to the conjecture that the AFM force curves are a mix of 






(a)                                                                                      (b) 
 
Figure 4.4: (a) 12.5 nm × 12.5 nm contact mode AFM topographic image of hexadecane 
monolayer adsorbed on HOPG. (b) The corresponding force curve. In region A the 
imaging force is 1.7 nN and the monolayer (n=1) is imaged. At the position of the arrow, 
the force is increased to 8.5 nN and the graphite lattice (n=0) is now imaged in region B. 
A 
B 
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                                      (a)                                                                                                                   (b) 
Figure 4.5: 15 nm × 15 nm AFM image ((a) topographic image, (b) friction image) of the 
hexadecane monolayer (n=1) on graphite at room temperature using a super sharp tip 
(radius < 10nm). Spring constant = 0.15 N/m. 
 
 
                      
       
                                            (a)                                                                                                                   (b) 
Figure 4.6: STM images of hexadecane monolayer on HOPG. (a) 50 nm × 50 nm 
topographic image showing ordered lamellar. Tunneling Condition: Vsample = -800mV,     
it = 3 pA. (b) 9.5 nm × 9.5 nm topographic image showing atomic resolution. Tunneling 
Condition: Vsample = -1800 mV, it = 6 pA. 







The branched alkane squalane has been extensively studied to understand effect of 
branching on solvation forces and boundary lubrication. Recent measurements using the 
surface force apparatus (SFA) [71], atomic force microscopy [69], neutron and helium 
atom scattering and X-ray reflectivity have indicated strong layering of squalane close to 
various solid surfaces [74-76], with the molecules lying parallel to the surface. However, 
the structure of the adsorbed molecules remains unclear. Previous AFM experiments [69] 
could not obtain images of squalane on HOPG, presumably due to poor contrast from the 
very low frictional forces acting. Diffraction methods cannot probe the existence of 
ordering over small lengthscales. Indeed a recent simulation has shown that adsorbed 
squalane molecules can form ordered structure on a graphite surface [77] and explains 
why the structure is difficult to observe using diffraction techniques. Here we present the 
first experimental confirmation of surface ordering in a highly branched alkane 
(squalane) using STM imaging, which is in remarkable agreement with the simulations. 
 
STM imaging of the squalane-graphite interface at 25 oC reveals ordered domains of 
lamellar structure formed by the squalane molecules (Fig 4.7 a). Molecular resolution 
images reveal individual squalane molecules aligned parallel to each other (Fig 4.7 b). 
The lamellar spacing is ~4.0 nm.  
 
We observe a diffuse boundary between the squalane lamellar stripes. In comparison, the 
linear alkanes such as hexadecane and tetracosane (a molecule of similar chain length to 
squalane), show a very sharp lamellar boundary at room temperature (see Fig. 4.8 and ref.  
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[178]). A diffuse boundary could arise either from due to interdigitation of the molecules 
between lamellar or from increased molecular motion (vibration, rotation) arising from 
the side chains hindering a close packing of the molecules i.e. the side chains result in a 
lowering of the potential barriers to molecular motion. This interpretation is supported by 
images of linear alkanes at high temperature, showing that the lamellar boundary begins 
to blur as the temperature increases e.g. for tetracosane blurred boundaries occur at ~ 40 
°C [178]. 
Another interesting difference with linear alkanes is the observation of two regions of 
different contrast within individual squalane molecules (Fig 4.7b) which could arise due 
to the backbone of the molecule twisting out of the plane over part of it’s length. This 
probably arises from the molecule trying to configure to the closest packing condition. 
 
        
                                          
                                             (a)                                                                                                                   (b) 
Figure 4.7 (a): 60 nm x 60 nm STM topographic image of squalane molecules adsorbed 
on HOPG revealing ordered domains. Tunneling Condition: Vsample = 600 mV (sample 
positive), it = 5 pA. (b): 13 nm x 13 nm STM topographic image of squalane molecules 
adsorbed on HOPG revealing molecular resolution. Tunneling Condition: Vsample =1000 
mV (sample positive), it = 12 pA. Imaging is performed at room temperature. 




                                   
 
 
Figure 4.8: 10 nm × 10 nm STM topographic image of a tetracosane (n-C24H50) 
monolayer adsorbed on HOPG, obtained at room temperature. The sample is prepared by 
dissolving tetracosane approx 1.0 mg in ~1.0 ml phenyloctane. Tunneling Condition: 
Vsample =1200 mV (sample negative), it = 2 pA. The images reveal sharp boundary 
between individual lamellar stripes. 
 
 
4.2.3 HMN  
 
The data obtained in HMN shows that weak solvation layering occurs in HMN. AFM and 
STM imaging of these molecules close to the HOPG surface did not reveal any “ordered 
layer” suggesting that the molecules are in disordered state. Imaging using AFM even at 
very low forces (~1-2nN) reveals the underlying HOPG lattice, suggesting that the 
molecules are weakly adsorbed and can be easily dislodged from within the contact zone 
when lateral forces are applied. Indeed, at low forces HMN molecules are probably still 
trapped within some part of the contact zone while another part of the tip apex contacts 
the surface, giving rise to the HOPG image. This conclusion can be made based on the 
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4.3 Simultaneous Force and Conductivity Measurements 
 
In this section results obtained from simultaneous measurement of the conductivity and 
forces using conducting AFM (C-AFM) across various liquids (hexadecane, squalane and 
HMN) confined between a gold coated AFM tip and a graphite surface are presented.  
The current flow with a fixed bias voltage is measured simultaneously with the force 
curve acquisition. The data obtained is compared with continuum mechanics models to 
describe the mechanics of the confined monolayer as well as the interaction of the Au 
coated probe with the underlying HOPG surface.  
 
4.3.1 Hexadecane on HOPG 
 
This section describes the data obtained using C-AFM in hexadecane. This case is 
discussed in detail as the basic outcomes can be extended to encompass the data for other 
liquids. Firstly the tip-HOPG contact (n=0) is investigated. This is important as it 
establishes that the elastic continuum mechanics model is valid for these systems. Next, 
the tunneling current in the n=1 and n=2 solvation layers is studied as a function of the 
applied force, which yields details of the molecular behavior of the confined material. 
 
4.3.1.1 Conduction through the Au-HOPG Contact 
 
We begin an analysis of the force curves by first considering the tip-graphite contact (the 
region n=0 in Fig. 4.1).  This serves two purposes, namely, a) to give confidence in the 
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application of elastic models to describe the mechanical response, and b) to verify that 
the tip has indeed pushed through the hexadecane and is in contact with the substrate.  
Fig. 4.9 shows the raw C-AFM force curve for a Au coated tip contacting HOPG in 
hexadecane. On approach (Fig. 4.9a) the current is less than ~10 nA (fixed bias = 0.6 V) 
until the last solvation layer n=1 is squeezed from the tip-sample gap. Once this occurs 
the tip forms a mechanical contact with the HOPG (n=0) and the current becomes very 




Figure 4.9: Raw data showing simultaneously measured force (solid line) and current in 
hexadecane. (a) Approach, the small jumps show the tip squeezing out solvation layers. A 
sharp rise in current is observed (circles) when the tip contacts the graphite surface above 
the force required to squeeze-out the last hexadecane monolayer. (b) Retract, a finite 
current is measured (triangles) during the pull off curve down to the adhesive minima. 
 
 
The current flow is also monitored as the tip is pulled off the surface (Fig. 4.9b). Note 
that a finite current is measured over the entire pull-off force curve, including the 
adhesive minima.  This is an important observation because wear or contamination of the 
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metal coating at the tip apex is a serious problem in C-AFM [107]. A previous study has 
reported forces of order ~1000 nN to break through supposed “solvation layers” of 
hexadecane on HOPG using C-AFM [163]. Given our data, it is not realistic that the 
multiple current “jumps” observed in reference [163] are associated with solvation 
layering. We believe the underlying reason for this error is wear or contamination of the 
tip apex i.e. very large forces are required in their study to achieve an initial current flow.    
 
We are confident that the tip is in contact with the HOPG in the region n=0 because,  
 
a) The HOPG lattice can be imaged. During AFM imaging, the lamellar structure of the 
hexadecane monolayer (n=1) can be imaged at low force (Fig. 4.4a) but disappears and 
the HOPG lattice appears when the imaging force becomes sufficiently high (a few nN).  
 
b) The contact resistance of the HOPG can be measured. We do not observe any 
noticeable difference in contact resistance values measured in air or in liquid environment 
at similar applied loads. Current-voltage (I-V) curves were performed (Fig. 4.10) 
showing linear I-V with a contact resistance near zero bias of 110±40 MΩ per nm2 (in 
air), which is in agreement with previous studies for metal-HOPG contacts [107, 179-
182]. The contact resistance in hexadecane was found to be 95±47 MΩ per nm2. The 
large error values arise from the use of different tips. The contact resistance was always 
at least 20 times smaller for the tip-graphite contact (n=0) compared with the first layer 














Figure 4.10: I-V obtained with a Au tip in contact with HOPG in air at an applied load of 




To directly compare with analytical models, it is more convenient to re-plot the current as 
a function of force, as shown in Fig. 4.11, because the current is proportional to the 
contact area. In this example, the tip pushes through the n=1 layer at ~ 7.0 nN on 
approach. The pull off curve is more instructive because forces are measured over a large 
range, down to the adhesion minima (in this example, Fc ~ 6.0 nN). The pull off curve 
thus provides a more accurate comparison with models of the point contact mechanics, 
and in Fig. 4.11 the calculated contact area is found from a Maugis-Dugdale fit (blue 
solid curve). 




Figure 4.11: Current vs. force curve for the tip in contact with the graphite (n=0). On 
approach (circle) the tip pushes through the solvation layers and contacts graphite surface 
at ~7 nN. The tip is then pulled off the surface (black). The variation in current is fitted 
with the Maugis-Dugdale model (solid curve) to give the contact area. Data is taken at 




We now describe the tip-HOPG contact mechanics model in more detail. In all cases we 
consider, the measured current is proportional to area. Thus a plot of current versus force, 
as in Fig. 4.10, shows the relative change in area with applied force, which in turn can be 
compared with contact area calculated from the applied force coupled with a suitable 
mechanical model of the point contact [107]. We apply the Maugis-Dugdale (MD) model 
for an elastic contact (see Section 2.4.4). As shown below, this approach appears valid.  
In the MD model the contact radius a can be written (see Eqn. 2.16) as:  

















aa                               (4.1) 
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where οa  is the contact radius at zero normal force, aF  is the applied normal force and 
cF  is the pull off force.   
 
Here α =1 corresponds to the Johnson-Kendall-Roberts (JKR) model for an adhesive 
contact and α = 0 corresponds to the Derjaguin-Muller-Toporov (DMT) model of a hard 
contact. Eqn. 4.1 provides a good fit to the current vs. force data (solid line, Fig. 4.11) 
with a value of α = 0.073 i.e. close to the DMT model. Thus the relative change in 
contact area is well described for the hexadecane-HOPG contact by an elastic continuum 
model.   
 
The absolute value of the contact area is more difficult to obtain.  Values can be found 
from either fitting mechanical models, as above, or from the current measurement.  To 
obtain contact area from a current measurement requires the detailed current transport 
mechanism to be known.  In the case of the tip-HOPG contact, the contact radius can be 
assumed to be much smaller than the mean free path of electrons (l), and the Sharvin 







=                        (4.2) 
where ρ  is the mean resistivity. As the current scales linearly with area 2api  we need 
only compute the area at one data point.  The calculated value of “electrical” contact area 
for the data of Fig. 4.11 at zero applied force is ~ 5.8 nm2, using ρ ~ 5000 µΩ.m [140] 
and l  =10 nm.   
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How does the “electrical” area compare with the corresponding “mechanical” area?  For 
simplicity we calculate mechanical area using the DMT model as in this case all the 
model parameters are known experimentally.  Contact area calculated from the DMT 
model (α=0) gives values only ~20% different than those found using the full MD model.  














a                            (4.3)  
 























                           (4.4)  
 
with E being Young’s modulus, ν the Poisson ratio and subscripts 1,2 referring to gold 
and graphite respectively.  Using 1ν =0.33, 2ν =0.43, E1=78 GPa and E2=36.5 GPa (for 
graphite along the c-axis) results in K= 39.5 GPa.  For the data of Fig. 4.11 we measure 
r=25 nm, giving the calculated “mechanical” contact area at zero force as 7.4 nm2.   
 
The electrical and mechanical estimates of the contact area (5.8 nm2 and 7.4 nm2 
respectively) are very close in the example given.  However, this is probably fortuitous.  
The uncertainties are large (specifically ρ, l in Eqn. 4.2 and K in Eqn. 4.3) and do not 
allow a strong statement to be made as to which approach, electrical or mechanical, 
provides a better measure of absolute contact area.  The use of different tips is also a 
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source of uncertainty.  All that can be stated is that qualitatively the electrical and 
mechanical approaches give the same order of magnitude in contact area.  Nevertheless, a 
consideration of the errors involved leads to the conclusion that the mechanical model is 
possibly the best.  The error in R is small as we find that for Au coated tips the SEM 
images invariably show a smooth and well defined tip curvature.  The major uncertainty 
for the “mechanical” contact area lies in the value of modulus K.  However, even if K 
varies between that of pure gold and pure graphite, the calculated contact area only 
changes by less than a factor of ~2. In contrast, in the electrical model, the estimated 
mean free path and hence contact area could vary by an order of magnitude.   
 
The main result of this section is that simple elastic models of the point contact are useful 
to describe the tip-HOPG contact in liquid even for very small contact areas (1-10 nm2).  
 
 
4.3.1.2 Conduction through Hexadecane Solvation Layers 
 
We now consider the solvation layers and in particular the monolayer (n=1). Fig 4.12 
shows raw data for simultaneous current vs. force measurements taken for hexadecane on 
HOPG using a Au coated probe.  Several jumps (labeled n=1 to 5) are observed in the 
force curve as the tip approaches the substrate, corresponding to layering of the confined 
hexadecane. The simultaneously measured current flow is shown for the first hexadecane 
layer (Fig. 4.12a) and within the second layer (Fig. 4.12b).  Separate plots are required as 
the current is orders of magnitude different between layers. This is expected as the 
current flow occurs through tunneling. For the second layer the current is <1.0 pA and a 
lock-in amplifier was used to extract the signal from the noise (a 75 mV AC pk-pk sine 
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wave modulation at 87 Hz was superimposed on the applied DC voltage). No current 
could be observed within the third layer because the tip-substrate separation is too large 
and the tip-substrate tunnel current is negligibly small. I-V curves show that the contact 
resistance (i.e. near V=0V) within the layer varies from (0.5-1.25 GΩ). 
 
 
                                           (a)                                                                                                                      (b) 
Figure 4.12: Simultaneous force (solid line) and current (circle) measurements for 
hexadecane on HOPG as a function of displacement of the piezoelectric actuator.  
Current is shown for (a) the n=1 layer; (b) n=2 layers.  The tip is approaching the surface.  
Solvation “jumps” are observed in both the force and current curves and are labeled n=0 
to 4, with n=0 being the tip in contact with the HOPG substrate.  Data is taken at room 







In all experiments at room temperature there is a sudden, discontinuous jump in the 
current as the tip transverses a solvation layer (Fig. 4.12).  More interesting is the 
presence of two distinct current regions within the first layer (Fig. 12a), with a very sharp 
increase in current just before the tip punches through the hexadecane monolayer to 
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contact the underlying HOPG substrate. This intriguing behaviour was observed in 
almost all of the force curves and is discussed in detail below.   
 
Having verified the elastic model approach is reasonable for the HOPG contact, we now 
apply it to the first hexadecane layer (n=1). The variation arises from the use of different 
tips. The approach force curve (Fig. 4.12a) is plotted as a current vs. force curve in Fig. 
4.13. The two distinct regions we label the “fast” current region, designating the very 
rapid change in current at high force, and the “slow” current region occurring at lower 
forces, where the current rises very gradually with force. The DMT model is used and is a 
very good description of the mechanical response of the monolayer (see inset Fig. 4.13). 
The estimated contact area falls to less than 0.7 nm2 just at the adhesive minima 
(typically -2 to -3 nN). An effective modulus of K=39.5 GPa is used as before because 
although the modulus of the hexadecane film is unknown, the deformation of the 
monolayer is negligible based on the very small change in both current and force, as 































Figure 4.13: Current vs. force curve on approach for the tip in contact with the first 
hexadecane layer (n=1).  There are distinct “slow current” and “fast current” regions.  A 
DMT profile is superimposed (solid curve) to estimate the mechanical contact area. The 
curve (∆) shows the expected current variation if the confined molecules were assumed to 
undergo deformation upon significant compression which is clearly not the case. The 
inset shows data, taken with a different tip, as the tip is pulled off the first layer. The 
variation of current follows DMT mechanics with very small contact area (~0.7 nm2) at 
the adhesive minima (-2.9 nN).  
 
 
The current flow across the hexadecane layer occurs by tunneling [115]. The current at 
constant voltage is proportional to the contact area, allowing relative changes to be 
monitored straightforwardly.  However, the absolute value of the contact area cannot be 
accurately evaluated at present from the current measurement (see Section 4.3.1.3) 
because no theoretical model is available which gives accurate numerical values of the 
tunnel current magnitude [113] inclusive of the tunneling contribution arising from the 
mixing of the electrode and molecule energy level (see Section 2.5.2). Thus the 
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mechanical modeling, as in the n=0 case, again proves the most reliable for evaluating the 
absolute contact area.   
 
In the slow varying current region the DMT model provides a good fit and the contact 
area increases from ~5.8nm2 at 2nN to ~10.2 nm2 at 7nN.  The fact that the current 
follows the DMT profile suggests that the small increase in current in this region arises 
chiefly from an increase in contact area.  The alternative explanation is that the tip-
substrate distance is decreasing with increasing load.  However, this is not the case as a 
calculation using the DMT model shows the deformation of the entire tip-monolayer-
HOPG system is 0.13 nm at the maximum force of 7 nN. The tunnel current is 
exponentially sensitive to the tip-surface separation and a decrease of 0.13 nm in the tip-
surface separation would lead to a current increase of ~10 fold (see Section 2.5.2, Eqn. 
2.23) as the force changes from 2 to 7 nN.  This is clearly not the case in the slow current 
region and we conclude that the hexadecane is rigid enough to maintain the tunnel gap 
and the principal deformation under load is occurring in the softest material, namely the 
HOPG substrate. The negligible deformation of the hexadecane monolayer in comparison 
to the deformation of the tip or HOPG is the reason the modulus of the tip-HOPG contact 
is used (E=39.5 GPa) in our calculations. Another way to highlight the rigidity of the n=1 
layer is to assume that the hexadecane molecules are more compliant than either gold or 
HOPG. If this were the case, the current variation will be dependent on the deformation 
in the confined monolayer in addition to changes in contact area.  Deformation of the 
monolayer leads to an exponential increase in current because the tip-to-substrate 
distance will decrease with increasing load.  The resulting variation in tunnel current as a 
function of force (F) for the DMT or Hertz model is [183], 














FFi          (4.5)  
This current variation is shown qualitatively as a curve (∆) in Fig 4.13 and clearly does 
not describe the data.   
 
 
In the fast current region, just before the tip punches through to the substrate, the current 
rises by a factor of ~4.  This behaviour cannot be explained by the fitting of a continuum 
mechanics model, at least under the assumption that current flow is proportional to area, 
and there is no corresponding change observed in the applied force curve. Thus we rule 
out that the contact area suddenly increases by elastic deformation of the substrate or tip. 
Plastic deformation of the substrate or tip cannot occur at the observed pressure (~1.0 
GPa), which is smaller than the yield stress for materials of nanoscale volume [184]. It is 
important to note here that although the yield stress for bulk metals is ~0.01 to 0.1 GPa, 
the material in our experiments has only nanoscale volume which results in yield stresses 
close to the theoretical limit, as shown in previous experiments e.g. ~2 to 6 GPa for Au 
[185].  An alternative explanation is that a hole nucleates in the monolayer, with the 
removal of one or several molecules, prior to the complete squeezing out of the 
hexadecane.  The tip would penetrate into the hole giving an increased tunnel current.  
This situation appears unlikely as no change in current is observed when the tip is 
continuously scanned across the surface (by 50 nm) whilst controlling at a force that lies 
within the fast current region (Fig. 4.14).  In this figure, a normal force curve would show 
as a slice along the y axis. Another factor against tip penetration is that if one molecule is 
removed from the gap then the remaining molecules will be squeezed out extremely 
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rapidly as the elastic shear forces that result from such an event drive the system to a new 
equilibrium, as found theoretically [186]. In our experiments nucleation would describe 
the rapid transition between layers, not the fast current rise of Fig. 4.13.   
 
 
Figure 4.14: Data showing variation of current (z axis) measured through the tip while 
scanning a 50 nm × 50 nm HOPG area in hexadecane. The force (y axis) was slowly 
increased during imaging. There are two clear steps observed as the force set point was 
varied, causing n=2→1 and n=1→0 layer transitions.  
 
Our favoured model is that the molecules remain under the tip apex in the fast current 
region. Prior to the complete n=1→0 layer transition there is a rearrangement of 
molecules under the tip apex leading to a smaller tunnel gap.  The conformation change 
within the hexadecane monolayer results in either a thinner layer or the possibility that 
gold atoms from the tip interdigitate between the hexadecane molecules.  This hypothesis 
ties in with the observation in AFM measurements that the solvation “jump” closest to 
the surface (n=1→0) is a smaller displacement than other jumps [187].  We also observe 
this behaviour and Table 4.1 shows the average distance the tip “jumps” between layers.  
The outer “jump” distances (n≥2) all have similar value (4.5 Å) whereas the n=1→0 
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transition is 1Å smaller, a difference corresponding very closely to the expected change 
in tip-substrate separation (0.8Å) calculated for the observed increase in tunnel current of 
×4.  The hypothesis is also supported by molecular dynamics computer simulations of 
liquid Xe confined between two solid walls [165] which show that Xe can undergo a 
phase transformation, leading to a smaller wall-wall separation, prior to a n=2→1 layer 
transition.  The same group has found similar behavior for the squeeze-out of n-butane 
[99]. 
 
Table 4.1: A comparison of the distance the tip “jumps” as a layer transition occurs.  The 
distance is considerably smaller for the jump from the first layer to the HOPG (n=1→0) 





n ≥ 2 
Notes 
This work  3.5 ± 0.5 Å 4.5 ± 0.4 Å Hexadecane on HOPG  
Franz et al [188] 3 to 4 Å 4 to 5 Å Linear chain alcohols on HOPG  
Christenson et al  [36] - 4 to 5 Å SFA of alkanes on mica  
 
 
An alternative explanation which we cannot exclude is that the sudden rise in 
current is due to pressure induced resonant tunneling. The energy levels of the 
hexadecane may shift due to conformation changes induced by the applied pressure such 
that tunneling is enhanced as a molecular energy level moves close to the Fermi level.  
This appears unlikely given that the HOMO-LUMO gap is very large (~8 eV), there are 
no states within the gap, and most data for alkane systems show current flow results from 
non-resonant tunneling [113, 115].  
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The contact area in the fast current region is found using the DMT model, from which the 
pressure required to squeeze-out the n=1 layer can be found.  The pressure is not uniform 
across the contact zone, being much higher in the centre e.g. for the DMT model the 
centre pressure is a factor of 3/2 higher than the average pressure.  Thus the conformation 
change of the confined hexadecane prior to squeeze-out would be expected to occur at the 
tip apex. For Fig. 4.13 we find that just before the monolayer is removed the contact area 
is ~10.7 nm2 giving the average pressure to squeeze-out the layer as ~0.73 GPa, with a 
pressure at the tip apex of ~1.1 GPa.   
 
Not surprisingly, the observed squeeze-out pressure changes due to experimental 
variation (e.g. approach speed, experimental error, differing molecular arrangements at 
the contact) and the use of different tips. Thus a statistical value of the squeeze-out 
pressure is preferred. Fig. 4.15a shows several representative curves detailing the n=1→0 
transition curves. The curves essentially reveal reproducible behavior in all cases except 
that the force needed for the layer squeeze-out varies by a factor of ≤2. Further, the 
squeeze-out process itself is thermally activated [104] and thus the force needed to 
remove a layer varies statistically i.e. at a given force the tip will attempt many times to 
overcome the energy barrier for hole nucleation to initiate squeeze-out and at finite 
temperature there is a (Boltzmann weighted) probability that the nucleation will occur. 
This effect has been shown explicably by Butt et al [189] for the squeeze-out of the 
adsorbed lipid layers. Fig. 4.15b shows a histogram of the squeeze-out pressure required 
for the n=1→0 transition in hexadecane with data taken from various probes and repeated 
experiments. The median squeeze-out pressure is 0.79 GPa. 
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       (a)                                                                             (b) 
 
Figure 4.15 (a) Repeated current vs. force data obtained on the hexadecane monolayer 
(n=1). (b) Histogram of the squeeze-out pressure for the n=1→0 transition. Data is taken 
from five individual AFM probes. The tip-sample contact area used in the calculation of 
the pressure is found using the DMT model for each force curve. 
 
The calculated areas of ~10 nm2 at the n=1→0 squeeze-out corresponds to ~ 10 
hexadecane molecules in the contact zone.  This is much less than comparable squeezing 
experiments using the SFA involving contact areas of ~1000 µm2.  In SFA measurements 
[46] there is a gradual thinning of the confined film as it is squeezed between two 
surfaces, with regions of n and n-1 layers coexisting within the time frame of the 
squeeze-out experiment.  This results from a balance between the hydrodynamic 
pressures exerted by the liquid and elastic restoring forces from the deformed solid 
surfaces [190]. Such behaviour is not expected over the length scale of AFM 
measurements and hydrodynamic descriptions of the squeeze-out are not appropriate. The 
AFM experiments resemble a single asperity contact and are expected to be closer to 
descriptions provided by computer simulations [104]. Indeed molecular dynamics 
computations show the average squeeze-out pressure for tetradecane confined between 
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two gold surfaces is ~0.8 GPa for the n=1→0 transition [166], which is comparable with 
our experimental data (~0.7GPa).  Note that the relevant data set from the simulations 
[166] is the so called “un-pinned” case, in which the substrate-adsorbate interaction is 
weak.  This is certainly the case for alkanes adsorbed on HOPG [115], with the 
characteristic monolayer domain structures arising from strong adsorbate-adsorbate 
interactions rather than commensurability with the underlying substrate.   
 
Current vs. force data for the second layer (n=2) is shown in Fig. 4.16. The sensitivity is 
limited by the very small currents involved (pA) and our conclusions are thus qualitative.  
We find the contact area increases gradually with load and is of the same order as found 
for the first layer.  The pressure required to squeeze-out the second layer (n=2→1) is ~0.6 
GPa.  Interestingly, this is only slightly smaller than the pressure required for the n=1→0 
layer transition and more than the theoretically predicted value of ~0.2 GPa [166], 
although it must be emphasized again that our small current values result in large error. 
We observe no “fast” region where the current increases suddenly just before the n=2→1 
transition, suggesting that no significant conformation change occurs in the layer during 
compression.  This may be a consequence of the second layer being in a more liquid like 
state than the first layer. However, to investigate the issues further requires C-AFM 
measurements to be undertaken at higher applied voltages (>>1V) to increase the current. 
Such experiments cannot be undertaken with the tips available at present. 
 





Figure 4.16: Variation in current as a function of applied force with the tip in contact with 
the second hexadecane layer (n=2). A DMT profile is superimposed (solid curve) to 




4.3.1.3 Tunneling though an Alkane Monolayer 
 
Current-Voltage (I-V) data can be found using C-AFM when the tip lies within a 
solvation layer, and Fig. 4.17 gives an example for the n=1 layer in hexadecane. 
However, there is considerable difficulty in accurate modeling of the electrical behaviour 
across the solvation layer which stems from the presence of the hexadecane between the 
electrodes. The tunneling between the tip and sample is modified by the presence of the 
molecular orbitals of the molecule. A very common approach is to approximate the 
transmission with a single barrier based on Simmons [112] (Eqn. 2.21). A curve fit using 
Simmons equation is shown for the hexadecane data of Fig. 4.17.  




Figure 4.17: Data showing I-V curve obtained on a hexadecane monolayer on HOPG. 
The data is fitted with Eqn. 2.21 (blue curve). 
 
 
The fit is good but the resulting parameters are clearly in error e.g. the fitted contact area 
is typically ~0.015 nm2, the barrier height φ~0.56 eV. This problem is also observed for 
tunneling through alkanethiol monolayer on gold [113]. As discussed in Section 2.5.2, the 

























Figure 4.18: Log of resistance measured at low bias on hexadecane layers (n=1 and n=2) 
plotted against tip-sample distance. A linear fit (red line) provides the value of parameter 
β using Eqn. 2.23. 
 
 
Analysis of the data based on Landauer formula (Eqn. 2.23 and 2.24) is shown in         
Fig. 4.18, where the contact resistance measured at low bias and low force for the n=1 
and n=2 layers is plotted as a function of the tip-sample distance (which is equivalent to 
the tunnel gap s). Fitting the data to Eqn. 2.23 gives β ≈1.8 Å-1 and R0≈180 kΩ. These are 
reasonable values for molecular systems but N (Eqn. 2.24), and hence the contact area, 
cannot be found from R0 unless the transmissions Tsub and Ttip are known independently 
[113]. If we assume Tsub~Ttip~0.01, as found for Au-CH3 contacts [113], then from Eqn. 
2.25 and 2.26 N~1000 molecules. This corresponds to contact area of pia2≈500 nm2 for 
the n=1 layer, which is two orders of magnitude higher than values calculated from the 
DMT model.  
 
In summary, it is very difficult to extract reliable values of the absolute contact area from 
tunnel current measurements and the mechanical modeling approach is preferred.   
n=2 
n=1 





4.3.2.1 Conduction through the Au-HOPG Contact  
 
 
We now present the analysis of the Au-HOPG contact in squalane. Fig 4.19 shows pull 
off current vs. force while the probe is in contact with the graphite (n=0) after pushing 
through all the solvation layers of squalane. The plot of current vs. force shows the 
relative change in area with applied force. As shown in Section 4.3.1.1 a detailed model 
of the Au-graphite contact can be made using the Maugis-Dugdale theory (MD) for an 
elastic contact. A good fit to the squalane current vs. force data is found (blue solid line) 
with a value of α = 0.06 i.e. again close to the DMT model.  The contact area is 
calculated from the data fit to the MD model. 
 
 
Figure 4.19: Current vs. force curve for squalane showing the tip is in contact with the 
graphite (n=0). On approach (red square) the current jumps to a high value when the 
monolayer (n=1) is squeezed out at ~12.5 nN. The variation in current while pulling off 
the tip (black triangles) is fitted with the Maugis-Dugdale model (blue solid line) to give 
the contact area. Data is taken at room temperature with a Au coated cantilever of spring 
constant 0.76 N/m and tip radius ~36 nm. 
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4.3.2.2 Conduction through Solvation Layers 
 
The simultaneously measured current with force curve within the squalane monolayer 
(n=1) is shown in Fig. 4.20. Several force curves obtained using the same tip are re-
plotted in Fig. 4.21 as current vs. force curves. The behavior of the curves is repeatable, 
although the force needed for n=1→0 transition varies slightly (~8-11 nN). The curves 
also reveal two distinct regions in the monolayer where the current shows a slow rise 
with force at low forces, and a fast current increase close to the complete squeeze-out of 
the layer (i.e. near n=1→0 transition). All this behavior is entirely similar to that 
observed for the squeeze-out of a hexadecane monolayer (Section 4.3.1.2). Similarly, we 
can model the slow varying region using continuum mechanics and assuming the current 
is proportional to the tip-sample contact area. The inset (Fig. 4.21) shows the current 
variation as the tip is pulled off the squalane monolayer. The data is well fitted to a DMT 
model. In the fast current region the molecules presumably undergo some rearrangement 
prior to being squeezed out of the contact, as in the case of hexadecane. Computer 
simulations would be required to check this hypothesis. 
 
The fitting of the current vs. force data to the DMT model shows that in the slow current 
region changes in the tip-sample contact area are the principal cause of the observed 
variation in current flow. There is negligible deformation of the squalane monolayer        
(~ 1.0 Å) at the highest applied loads (~10 nN). This is entirely similar to the 
observations using hexadecane, and shows that the branched molecule squalane also 
behaves as an elastic solid-like monolayer. 
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Importantly, we note that at 25 °C both the hexadecane and squalane monolayers form an 
ordered lamellar structure which is imaged using STM (see Fig. 4.7). This is a major 
reason we describe the behavior as being “solid-like”. Another strong reason is the good 
fit of the data to continuum models for a solid elastic contact. These two points compel us 
to associate current vs. force curves such as Fig. 4.21 with a solid-like behavior of the 
confined material.  
 
Naturally, not all liquids exhibit solid-like mechanical properties when confined, nor does 
the same confined liquid show a fixed material state (solid, liquid) as the temperature and 
time scale of the experiment varies. These critical aspects (time, temperature, type of 




Figure 4.20: Simultaneous force (solid line) and current (circle) measurements for 
squalane on HOPG as a function of displacement of the piezoelectric actuator.  Current is 
shown for the n=1 layer. The tip is approaching the surface.  Solvation “jumps” are 
observed in both the force and current curves and are labeled n=0 to 4, with n=0 being 
the tip in contact with the HOPG substrate.  Data is taken at room temperature with a Au 
coated cantilever of spring constant 0.76 N/m and tip radius ~ 36 nm. 
 






















Figure 4.21: Current vs. force curve for the tip in contact with the first squalane layer 
(n=1).  There are distinct “slow current” and “fast current” regions. The large increase in 
current corresponds to the n=1→0 layer transition.  The inset shows data, taken with the 





4.3.3 2,2,4,4,6,8,8- Heptamethylnonane (HMN) 
 
4.3.3.1 Conduction through Au-HOPG Contact 
 
Fig. 4.22 shows current vs. force data for HMN with the tip in contact with the HOPG 
(n=0). In hexadecane and squalane the current vs. force curves are reversible in loading 
and unloading cycles. The tip-HOPG contact mechanics is very different in HMN. We 
observe a gradual variation of current, even up to forces of ~ 20 nN where the contact 
resistance in HMN (192±169 MΩ per nm2) approaches the resistance found in squalane 
(76±21 MΩ per nm2); an observation which gives confidence that the tip is indeed in 
electrical contact with the HOPG surface, at least under high loading. At smaller loads 
Chapter 4. Measurements on HOPG in Liquids 
 105 
(≤10 nN) the gradual increase in current makes it difficult to determine at what force 
mechanical contact first occurs. Also, the current variation with load does not follow a 
reversible path, with significant hysteresis and variability observed between the approach 
and retraction cycles. 
 
Most importantly, we also find that the current vs. force curve cannot be fitted to the MD 
expression. This is a remarkable result as it implies the elastic deformation of the simple 
Au-HOPG contact in a liquid environment does not follow the known continuum 
mechanics of a point contact. A reason for this behaviour, the trapping of liquid within 




Figure 4.22: Current vs. force curve for the tip at high force in HMN. The variation in 
current is shown while approaching (red circles) and pulling off the surface (black 
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4.3.3.2 Conduction through  Solvation Layers 
 
 
Fig. 4.23 shows a force curve and Fig. 4.24 corresponding sets of current vs. force 
measurements where the tip is probing the HMN monolayer (n=1). Solvation jumps are 
observed in the force and these can be associated with significant (but not abrupt) 
changes in the measured current. However, the current signals (Fig. 4.24) do not show a 
consistent variation with force, as compared to squalane or hexadecane and the data 
cannot be fitted to any generalized model of an elastic point contact, such as the MD 
model. A simple observation of Fig. 4.23 shows the current is varying in a complicated 




Figure 4.23: Simultaneous force (solid line) and current (circle) measurements for HMN 
on HOPG as a function of displacement of the piezoelectric actuator. Current is shown 
for the n=1 layer. The tip is approaching the surface. 
 
 




Figure 4.24: Current vs. force curve for HMN at low forces, where the tip is most 
probably within the HMN monolayer (n=1). The current variation with force is erratic 
and non-reproducible indicating the confined material is disordered or liquid-like. 
 
 
We believe the trends in the HMN data (hysteresis, non-uniform variation with force), 
and also the kinks and blurred layer transitions (see Fig. 4.3) arise because the HMN 
molecules are in a liquid-like state. It is significant that we cannot fit elastic continuum 
models to the current vs. force data for both the HMN monolayer (n=1) and to the tip-
graphite junction (n=0). This result is surprising and implies that the increased fluidity of 
the material near or within the junction negates the use of point contact models developed 
for simple elastic solids. 
 
An explanation of the HMN results can be found in recent simulations comparing the 
squeeze-out of a linear alkane (butane) and it’s branched isomer, iso-butane [99].  The 
linear molecules form an ordered monolayer and are completely removed from the 
contact zone under applied pressure. The branched isomer (iso-butane) remains liquid-
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like in the contact zone and shows a higher resistance to displacement, leading to the 
trapping of a few molecules [99], even at very high pressure. Essentially, the confined 
molecules display viscoelastic behavior and are displaced only slowly from the gap. If the 
pressure becomes sufficiently high before the molecules can be displaced, then the 
confining surfaces will deform enabling hollows filled with iso-butane to be created. Fig. 
4.25 shows the proposed hypothesis pictorially. 
 
Figure 4.25: A cartoon showing trapping of confined molecules under the nanoscale 
contact. 
 
We confirm this interpretation by drifting the tip extremely slowly (~ 1.0 nm/sec) 
towards the surface; waiting ~10 seconds at high applied load (~15-20 nN); and finally 
pulling the tip off the surface as in a routine force curve at ~ 10 nm/s. The pull off force 
curve is now similar to a tip in contact with HOPG in squalane or hexadecane and is well 
fitted by a DMT model (Fig. 4.26), i.e. a point contact elastic response is recovered, thus 
demonstrating that a solid-solid contact can be formed in HMN if the loading rate is very 
slow during approach. At the slower approach speed (~1nm/s) the confined molecules are 
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Note that it is not possible to directly compare the approach force curve at ~1nm/s and 
~10 nm/s because of experimental drift at low approach speeds. However, the approach 
curve in Fig 4.26 , which is done immediately after the pull off curve at a speed of 
~10nm/s, reverts to the force curves shown previously (Fig. 4.22) indicating a trapping of 
HMN molecules. Thus, for the HMN system at 25 oC, there is a critical approach velocity 
of ~5 nm/s separating molecule trapping and non-trapping. A HMN molecule must 
typically move a distance of the contact radius a ~ 2.5 nm to be squeezed out of the tip-
sample contact zone, giving a characteristic time for the molecular motion during 
squeeze-out of ~ 0.5 sec. This is a very long time but is not unusual for a solid of glassy 
material. In a recent AFM study [164] the interaction stiffness and viscosity was 
measured for OMCTS confined between a Si tip and a SiO2 surface. The force curves 
showed solvation layering of the OMCTS but the state of the confined material depends 
critically on the tip-sample approach rate. At low speed (≤ 0.3 nm/s) the confined 
OMCTS is liquid-like whereas at high speeds (≥ 1 nm/s) the molecules become solid-like 
i.e. the molecules are “jammed” within the contact zone, inhibiting the squeeze-out. 
Thus, there is a liquid-glassy solid transition at a critical approach rate of ~0.5 nm//sec. 
This is similar to the critical approach rate in our experiments on HMN. While we cannot 
comment on the solid or liquid state of the confined HMN (we cannot measure a 
meaningful force curve at low approach speeds because of drift) our work proposes a new 
phenomenon, that of trapping or non-trapping of molecules, which is entirely consistent. 
At fast approach rates, the confined material becomes more solid like, and hence 
molecules may become trapped in the contact.  
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Finally, we also measure considerably smaller pull off force in HMN (3.7±1.4 nN) in 
comparison to squalane (7.8±2.5 nN), and hexadecane (6±1.2 nN) in agreement with a 
recent simulation showing the presence of liquid between two confining solid walls can 
reduce the pull off stress [191] .  
 
All of the observations lead to the view that trapping of HMN molecules under the tip 



















Figure 4.26: Current vs. force curve taken after slowly drifting the tip (~ 1 nm/sec) to the 
HOPG surface and taking a reverse force curve (pull off followed by approach) with 
normal speed (~10 nm/sec). The pull off curve shows solid-solid contact behavior and 
can be fitted with DMT model (blue curve). The approach curve shows much lower 
current at the same force indicating trapping of molecules under the contact zone, 
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4.4 Measurements at Elevated Temperature 
 
4.4.1 Squalane 
The previous section and many publications [14, 45, 46, 66, 71, 99, 164] have shown that 
the dynamics of the molecules (i.e. timescale) is a key consideration in understanding 
confined liquid. The dynamics of molecular motion are intimately related to the 
temperature of the system, through changes in various energy barriers e.g. hole 
nucleation for squeeze-out, diffusion in bulk and on surfaces, etc. In this section the 
influence of time and temperature is examined to further understand the fundamental 
differences in behavior arising from the ordered or disordered state of the solvation 
monolayer. All experiments were carried out at elevated temperature and compared to the 
room temperature (25 °C) data discussed in the previous sections.  
 
The squalane monolayer has been shown to undergo melting transitions above 50 °C 
from recent computer simulations [77]. To understand how this melting influences 
solvation and squeeze-out behavior, C-AFM experiments were performed at 65 °C in a 
similar fashion to those at room temperature. Fig. 4.27 shows a force vs. distance curve at 
65 °C. The solvation jump distances are similar (6.3±0.4 Å) but the solvation layering is 
very weak compared to room temperature measurements (see Fig. 4.20). This indicates 
that it is easier to squeeze-out the solvation layers at higher temperature i.e. the activation 
barrier has been lowered by the temperature increase [104]. 
 





Figure 4.27: Force as a function of the tip-sample separation for squalane on HOPG at   
65 oC. Solvation “jumps” are observed (labelled n=1, 2) but these are very weak. 
 
 
Given the very small forces measured in the solvation layers, the best insight is gained by 
considering the tip-HOPG contact (n=0). Fig 4.28 shows current vs. force data at 65 oC 
with the tip in contact with HOPG (n=0). The tip-HOPG contact mechanics is very 
different from that at 25 °C (Fig. 4.19). We observe a gradual variation of current, even 
up to forces of ~ 15 nN; at which force the tip is certainly in contact with the HOPG 
surface for squalane at 65 °C. The current variation with load cannot be fitted to elastic 
contact models; and does not follow a reversible hysteresis path; and significant 
variability between data sets is observed. This behavior is very similar to the HMN data 
at 25 °C (see Fig. 4.22). We conclude that this behaviour indicates the trapping of 
molecules under the contact zone, as discussed in Section 4.3.3.2.  
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As discussed for HMN, the possibility of trapping of squalane molecules under the 
contact zone was confirmed by drifting the tip extremely slowly (~ 1.0 nm/sec) towards 
the surface; waiting ~10 seconds at high applied load; and finally pulling the tip off the 
surface as in a routine force curve at ~10nm/s. We observe a pull off force curve (Fig. 
4.29) which is similar to a tip in hard contact with HOPG (Fig 4.19), demonstrating that a 
solid-solid contact can be formed if the loading rate is very slow. Under these conditions 
the current vs. force pull off curve can be well fitted using the DMT model. As described 
for HMN (Section 4.3.2.2), the slower approach speed allows molecules to escape from 






Figure 4.28: Current vs. force curve for squalane on HOPG at 65 °C. The variation in 
current is shown for approach (red) and pulling off (black). The approach curve between 
0-5 nN is certainly sampling the squalane monolayer (n=1) and at high forces (≥ 11 nN) 
the HOPG substrate, but the transition of the tip from confined liquid to the graphite 
surface is not clearly defined. 
 
 






Figure 4.29: Current vs. force curve taken in squalane at 65 °C after slowly drifting the 
tip at ~ 1 nm/sec to the HOPG surface and taking a reverse force curve at ~10 nm/s i.e. a 
pull off is done first, followed by the approach. The pull off curve (black) shows solid-
solid contact behavior and is fitted with the DMT model (blue curve). The approach 
curve (red) shows much lower current at the same force indicating trapped molecules 




The increase in temperature for squalane has led to molecule trapping in the contact zone 
during squeeze-out of the monolayer. This is surprising given that an increase in 
temperature decreases relaxation times of a material and lowers energy barriers i.e. 
molecules are more mobile and should move more easily out of the contact zone for a 
fixed approach rate. From this arrangement, one would expect trapping as the 
temperature was lowered. We believe the reason is because the solid monolayer at 25 °C 
has melted into a disordered state at 65 °C. Indeed, repeated STM experiments could not 
image any squalane related features at 65 °C. The trapping mechanics brings added 
complexity to the traditional view of confined liquids solely in terms of relaxation times.  
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In the ordered solid monolayer (e.g. squalane at 25 °C) the relaxation time is very long 
but no molecules are trapped on squeeze-out because the film is sufficiently rigid that 
once hole nucleation occurs, entire rigidly coupled groupings of molecules are forced out 
of the contact. In the disordered monolayer (e.g. squalane at 65 °C) the confined 
monolayer is in a liquid or more probably glassy state (because of the very slow critical 
approach speeds, as discussed in Section 4.3.3.2). In this case the squeeze-out dynamics 
follows standard ideas on relaxation times, with slow times (i.e. slow approach rates) 
required to ensure molecules are not trapped.  
 
Fig. 4.30 summarizes the general picture for the squalane system. At temperatures less 
than monolayer melting, the squalane behaves as a well ordered solid-like structure that 
can be imaged. Above monolayer melting temperatures (65 °C) the monolayer becomes 





Data for HMN (Fig 4.31) at elevated temperature (65 °C) shows similar behavior to 
measurements at 25 °C (Fig. 4.22). The current vs. force data taken after slowly drifting 
the tip to the HOPG surface at ~1 nm/s (Fig. 4.32) also shows entirely similar behaviour 
as the data taken at 25 °C (Fig. 4.26). This suggests that the HMN molecules, which are 
in disordered state at room temperature, do not appreciably enhance their mobility with 
an increase in temperature of 40 °C. Molecules remain trapped in the contact if approach 
speed is sufficiently fast. 




Figure 4.31: Current vs. force curve for the tip in HMN at 65 °C and ~10 nm/s approach 
speed. The data shows the variation in current while approaching (red circles) and pulling 





Figure 4.32: Current vs. force curve taken in HMN at 65 °C after slowly drifting the tip at 
~ 1 nm/sec to the HOPG surface and taking a reverse force curve at ~10 nm/s i.e. a pull 
off is done first, followed by the approach. The pull off curve (black) shows solid-solid 
contact behavior and is fitted with the DMT model (blue curve). The approach curve 










The basis of the trapping results is confirmed by preliminary studies of a series of            
n-alkanes (decane C10, dodecane C12, tetradecane C14, hexadecane C16). As before, C-
AFM was undertaken using Au coated Si3N4 tips on HOPG completely immersed in the 
liquids. Fig. 4.33 summarizes the current vs. force data. Solvation forces are observed in 
all the liquids and current flow is also measured in the monolayer (n=1), but Fig. 4.33 
only highlights the high force region where the tip is in contact with the HOPG (n=0). In 
the n=0 region we clearly observe the trapping or non trapping behaviour, which is 
directly correlated with the monolayer being in either an ordered or disordered state. At 
room temperature the C16 and C14 monolayers are ordered. The C16 monolayer can be 
readily imaged using STM or AFM. We could not image the C14 monolayer at room 
temperature. The current vs. force curves at 25 °C show no trapping and sharp, well 
defined solvation layer transitions. The C12 and C10 monolayers cannot be imaged at    
25 °C, being completely disordered as the melting temperature of the monolayers is well 
below room temperature (see Table 4.2). Consequently, the resulting current vs. force 
data shows poorly defined layer transitions and evidence of trapping (for approach speeds 
of ~10 nm/s). 
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Figure 4.33: A montage summarizing the various force curves of alkane systems in 






T = 25 °C T = 65 °C 
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Table 4.2: Summary of data for n-alkanes on graphite. The bulk and monolayer melting 










on graphite Tm (°C) 





(at 25 °C) 
C 10  -32 -5 No  Disordered 
C 12 -12 19 No  Disordered 
C 14 5 35 No Ordered 
C 16  16 55 Yes  Ordered 
 
 
C-AFM experiments were also performed in C14 and C16 above their respective 
monolayer melting temperatures (Fig. 4.33). The current vs. force curves (at ~10 nm/s 
approach speed) show trapping behaviour in ~90% of the curves. Further, no image of the 
ordered monolayer could be obtained.  
 
These findings verify the key role played by the ordered or disordered state of the 
monolayer in liquid trapping during squeeze-out and Table 4.2 summarizes the key 
findings this far. Note that the lack of an AFM or STM image of an ordered monolayer is 
convincing but not conclusive that the monolayer is disordered. The resolution may 
simply be too poor to image short range order in the smaller length alkanes. However, 
emphatic supporting evidence comes from spectroscopy measurements for alkane 
adsorption on powered graphite [174], which directly measure the monolayer melting 
temperatures Tm (see Table 4.2). Such data conclusively shows that at room temperature 
the C10 and C12 monolayers have melted whereas the C14 and C16 monolayers are 
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solid. Similarly, the lack of an image for the C14 monolayer at 25 °C does not imply 
there is no ordered monolayer. The melting temperature is only slightly above room 
temperature and perhaps a lack of long range order or increased molecule mobility makes 
imaging very difficult experimentally. 
 
4.5 Summary  
 
 
We have performed simultaneous force and conductivity measurement of hexadecane, 
squalane and HMN liquids confined between a conducting AFM tip and graphite surface. 
For hexadecane, both the current and the force data reveal discrete solvation layering near 
the surface and at more realistic forces than previously reported [163]. The squeeze-out 
of the monolayer of hexadecane at room temperature (25 °C) follows that of a solid, 
ordered monolayer. The variation of current with force is well described by continuum 
mechanical models of the junction deformation, excepting a region just before the 
n=1→0 layer transition where prior to the complete removal of the n=1 layer there is a 
rearrangement of molecules under the tip apex bringing the tip closer to the substrate. 
This subtle configuration change could not be inferred from measurement of the applied 
force curve only and is an interesting result for lubrication studies showing that, even for 
nanoscale asperity contacts, the squeezing out of the boundary layer is not a smooth, 
continuous event.  We have also compared the absolute electrical and mechanical contact 
area for the tip-graphite contact (n=0) and the mechanical approach appears more robust. 
 
We observe that strong solvation layering and surface ordering is possible even in the 
highly branched alkane squalane. The ordered nature of the squalane monolayer is 
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supported by the first direct imaging of the squalane monolayer using scanning tunneling 
microscopy, in agreement with recent simulation studies. Conducting AFM data shows 
that the expulsion of the ordered squalane molecules at 25 °C is a step-like event, exactly 
similar to hexadecane. In contrast, the more densely branched alkane HMN cannot be 
imaged and is in a disordered state at room temperature. The force curves show poorly 
defined solvation layering. Importantly, the force data for HMN cannot be modeled as a 
single elastic contact and comparison with simulations indicates that some confined 
material remains trapped in the contact zone, even at high pressure.  
 
In brief, continuum elastic models are well suited to describing the current vs. force data 
of ordered, solid-like material such as squalane and hexadecane at 25 °C. However, when 
the confined liquid is disordered, as for HMN or squalane at 65 °C, the current vs. force 
curve is qualitatively very different, and simple elastic models cannot be applied because 
of molecule trapping. Trapping of molecules was further confirmed by experiments a) at 
different tip-sample approach rates, showing that at sufficiently low speeds molecules can 
escape the contact zone and a solid-solid tip-sample contact formed; b) at higher 
temperatures (65 °C), above the monolayer melting transition, the squalane monolayer 
data shows similar behaviour as obtained for HMN; c) in a series of n-alkanes at 25 °C, 
the current vs. force curves for the shorter chain alkanes (C10 and C12) show trapping 
behaviour because the monolayers are disordered, whereas the well ordered, solid 





Chapter 5. Measurements on Self-assembled Monolayer 
 123 
Chapter 5 
Measurements on a Self-assembled Monolayer  
 
In this chapter a C-AFM study of chemically adsorbed alkanethiol molecules 
(decanethiol, also labeled as C10SH) is presented. These molecules form a well ordered 
self-assembled monolayer (SAM) on atomically smooth Au(111) surface [192]. Such 
chemically adsorbed species provide a means of modifying the chemistry of metallic 
surfaces (e.g. Au, Ag, Pt etc.)  [193]. The alkanethiol monolayer produces a very low 
surface energy surface and behaves as an ideal molecular lubricant [193], as these 
monolayers are robust and inhibit direct contact of the underlying metal surface with 
other surface brought into contact. An important aspect is to understand the mechanical 
behavior of these model boundary lubricants at the molecular scale. A feasible approach 
is to use C-AFM because, as we revealed in Chapter 4, combining force and current 
measurements can provide a much deeper understanding of the contact mechanics. 
However, the fundamental basis of conduction across the SAM in a liquid environment 
must first be understood before any application in tribology; and this is the issue 
addressed in this chapter. 
 
SAMs have also been extensively studied for molecular electronics to understand charge 
transport through the molecular layer sandwiched between two metallic electrodes as 
these monolayers can form an ideal tunnel junction between two electrodes [194]. 
However contacting the monolayer surface with a nanoscale electrode (e.g. AFM probe) 
introduces a large stress (few GPa) on the SAM [183]. Thus, understanding the detailed 
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mechanics of electrical contacts at the nanoscale with SAMs is also of great interest for 
applications in molecular electronics.  
 
As discussed in Section 2.6.2, C-AFM has emerged as a very suitable technique to make 
contacts with molecular layers. A further refinement is to undertake C-AFM in a liquid 
environment. This minimizes surface contamination and eliminates capillary forces. 
However, a central problem is that a range of studies conducted on simple monothiol 
SAM have revealed a discrepancy by orders of magnitude in the measured contact 
resistance. In this chapter, the underlying reason for such discrepancy is investigated. We 
use C-AFM to study the liquid-monothiol SAM interface, the solvation layering which 
gives rise to oscillatory forces prior to the tip contact with the SAM, and the effect of 
these forces on the measured SAM contact resistance. The changes occurring in the 
transport characteristics of the junction in various surrounding media (air, hexadecane, 
OMCTS) were also measured as a function of applied force. In hard contact, the electrical 
measurements of the alkane monolayer SAM junctions are dependent upon the elasticity 
of the SAM (which in turn may depend on the surrounding fluid) and the applied force 
because the measured current is determined by intermolecular spacing (i.e. tilt) of the 
SAM molecules  [125, 195]. 
 
Hexadecane and OMCTS were chosen as liquid media as these liquids are chemically 
inert and are geometrically well defined. These liquids have also been studied rigorously 
to understand fluid confinement effects [63, 64, 160]. At least two decanethiol SAM 
samples were studied in each medium. Each sample was tested with 4-5 new Au tips 
prepared under identical conditions.  
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Our results show that at very low forces (<3nN), there is no significant difference in 
contact resistance values measured using C-AFM in hexadecane and OMCTS,  but a 
much lower contact resistance is measured in air. Liquid layering (solvation) can be 
observed as the liquid is confined between the tip and the SAM, but has no effect on the 
measured resistance of the SAM. At higher forces (> 5-6 nN) we find that the contact 
resistance drops dramatically in hexadecane in comparison with OMCTS. Current vs. 
force measurements and sample modulation AFM (SM-AFM) data indicate a significant 
variation in contact stiffness of the SAM in different liquids, consistent with the observed 
variation with force of the contact resistance. Thus the mechanical deformation of the 
SAM is very different in different fluid environments and this can account for the wide 
variations in the measured resistance of the SAM. 
 
 
5.1 Structure and Stability of the Self-assembled Monolayer: Imaging 
 
 
Firstly, it is important to confirm the structural integrity of the monolayer in various 
solvent media used. This is done by imaging the decanethiol (C10SH) SAM using STM 
in hexadecane, OMCTS and air. All the SAM samples were imaged before and after the 
C-AFM experiments using STM within the liquid. The (√3×√3)R30° structure with 
c(4×2) superlattice of the SAM is always observed as previously reported [149] . There is 
no evidence of desorption of the SAM in the liquid mediums used within the period of 
the C-AFM measurements (3 to 4 hours) i.e. molecular resolution STM imaging showed 
identical structural details of the SAM irrespective of the surrounding media for a period 
of ~4 hours or more. 




Fig. 5.1 and 5.2 show high resolution STM imaging in hexadecane, revealing that the 
SAM maintains structural integrity (packing density and lattice structure) after 3 to 4 




              
                                  (a)                                                                  (b) 
 
Figure 5.1: STM images of the fresh C10SH monolayer in hexadecane, taken almost 
immediately after removing the sample from the alkanethiol solution: (a) 50 nm × 50 nm 
topographic image, (b) 15 nm × 15 nm topographic image. Tunneling conditions: Vsample 
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       (a)                                                                  (b) 
   
Figure 5.2: STM images of C10SH monolayer taken after ~4 hours exposure to 
hexadecane: (a) 50 nm × 50 nm topographic image (b) 15 nm × 15 nm topographic 
image. Tunneling conditions: Vsample = -1.0V, it=2 pA. 
 
 
Similarly, in OMCTS, the SAM was found to be stable and no change in structure was 
observed after 4 to 5 hours exposure to OMCTS (Fig. 5.3 & 5.4). 
              
                                  (a)                                                                  (b) 
 
Figure 5.3: STM images of C10SH monolayer in OMCTS, taken almost immediately 
after removing the sample from the alkanethiol solution:  (a) 50 nm × 50 nm topographic 
image (b) 15 nm × 15 nm topographic image. Tunneling conditions: Vsample = -1.0V, it=2 
pA. 
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                              (a)                                                                  (b) 
  
Figure 5.4: STM images of C10SH monolayer taken after ~4 hours exposure to OMCTS: 
(a) 50 nm × 50 nm topographic image (b) 15 nm × 15 nm topographic image. Tunneling 
conditions: Vsample = -1.0V, it=2 pA. 
 
           
                   
                             (a)                                                                  (b) 
 
 
Figure 5.5: STM images of C10SH monolayer taken in air, taken almost immediately 
after removing the sample from the alkanethiol solution: (a) 50 nm × 50 nm topographic 
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STM imaging of the SAM was performed under ambient conditions (air, relative 
humidity of ~65%). No observable change in the SAM structure over several hours was 
noticed (Fig. 5.5 & 5.6). 
 
 
              
 
                             (a)                                                                        (b) 
 
Figure 5.6: STM images of C10SH monolayer taken after ~4 hours exposure to OMCTS: 
(a) 50 nm × 50 nm topographic image (b) 15 nm × 15 nm topographic image. Tunneling 
conditions: Vsample = -1.0V, it=2 pA. 
 
 
5.2 Measurement of Solvation Forces on n-decanethiol SAM: Static Mode AFM 
 
5.2.1 Measurements in OMCTS 
 
The measurements in OMCTS clearly reveal several solvation layers of OMCTS 
molecules close to the SAM surface. Fig. 5.7 shows ~5 solvation layers with spacing of 
~0.9 nm, consistent with the molecular diameter of OMCTS. It is striking to observe that 
the solvation layering of OMCTS on a SAM surface is as strong as observed on an 
atomically flat HOPG surface [63]. Presumably the surface corrugation (i.e. molecular 
roughness) is not high enough to perturb the layering of a molecule as large as OMCTS 
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(~0.9 nm diameter). The retraction force curve shows adhesion of the probe with the 




Figure 5.7: Discrete solvation layering of OMCTS as the tip approaches a C10SH SAM. 
Solvation jump distances of ~0.9 nm were observed corresponding to the diameter of the 




5.2.2 Measurements in Hexadecane 
 
 
Measurements in Hexadecane also clearly reveal several solvation layers close to the 
SAM surface. Fig 5.8 shows ~3 solvation layers with spacing of ~0.5 nm, consistent with 
the molecular diameter of Hexadecane molecules. The retraction force curve shows 
adhesion of the probe with the SAM surface and the measured pull off force is ~ 0.8 nN. 
The strength of solvation layers is comparable to that of OMCTS but much weaker than 
that on a HOPG surface. There are two possibilities for the weaker ordering which cannot 
be distinguished from the present data. Firstly, the HOPG surface is particularly suited to 
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the formation of ordered monolayers of linear alkanes. This ordered monolayer (n=1) 
requires considerable force to squeeze-out and may induce further order in the higher 
(n=2, 3) solvation layers. A second explanation is that the molecular roughness of the 
SAM disrupts the formation of solvation layers [44] . 
 
The approach and the retraction curves reveal kinks in the force curves which do not 
correspond to the diameter of the hexadecane molecules. In Fig 5.8, the force data shows 
a kink of ~0.1 nm in the approach curve (labeled A) and ~0.3 nm in the retraction curve 
(labeled B). These smaller jumps or kinks can be attributed to the yielding of the SAM 






Figure 5.8: Force curve measured in hexadecane on C10SH SAM, revealing discrete 
layering of hexadecane as the tip approaches the surface. The approach (a) and retraction 
(b) curves are separated for clarity. Jump distances of ~0.5 nm were observed in the 
approach curve, corresponding to the diameter of the hexadecane molecule. A pull off 
force of ~ 0.8 nN is measured. The tip contacts the SAM at D=0 nm. The kinks labeled A 
and B show small deformations of the SAM under load. 
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5.3 Measurements on n-decanethiol SAM: Sample Modulation-AFM 
 
Sample modulation AFM (SM-AFM) can also be used in order to provide additional 
information on force interactions in liquid [63, 133]. As discussed in the following 
sections, SM-AFM has higher sensitivity for measurement of weak solvation forces. This 
technique also overcomes the instability problem (i.e. snap in) in the attractive regime 
with static measurements and a full force interaction profile can be obtained, including 
the attractive regime, while traversing through the solvation layers. The amplitude 
variation of the oscillating cantilever while interacting with the solvation layers and the 
underlying substrates gives a direct measure of the interaction stiffness (Section 3.1.3).  
 
All the SM-AFM data was taken using stiff Si cantilevers (kc ~40 N/m) and at small 
amplitudes of sample oscillation (2 Åpeak-to-peak). 
 
5.3.1 Measurements in OMCTS 
 
Fig 5.9 shows the simultaneous static deflection of the cantilever and the SM-AFM 
amplitude measured with force in OMCTS on a C10SH SAM surface. Five to six 
solvation layers are clearly visible in the amplitude signal, whereas the static deflection 
curve shows only 3 layers. The change in amplitude of the cantilever gives a quantitative 
measure of interaction stiffness of the tip-SAM contact which is discussed in detail in 
Section 5.3.4 and [63, 133]. The major point of interest for this data is that significant 
solvation layering occurs even when one of the surfaces (C10SH) is rough at a molecular 
scale.  
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Figure 5.9: Raw data (pull off curve) showing cantilever deflection and cantilever 
amplitude (normalized) taken in OMCTS on C10SH SAM with a Si cantilever        
(kc=40 N/m). The sample was modulated using a piezotransducer with peak-to-peak 
amplitude (A1) of ~2 Å. Vertical continuous arrows indicate individual solvation layers of 
OMCTS. The dashed arrows show the periodicity doubling effect arising from 
interactions in the attractive regime [63].  
 
 
5.3.2 Measurements in Hexadecane 
 
In hexadecane we also observe discrete solvation layering close to the SAM surface using 
SM-AFM which is barely resolved in the static deflection signal (Fig. 5.10). The layer 
periodicity is ~0.5 nm, indicating that the hexadecane has it’s long axis parallel to the 
surface. The normalized cantilever amplitude in contact with the SAM surface is smaller 
than the OMCTS data, suggesting a lower interaction stiffness of the SAM in 
Hexadecane. This is indeed the case and the stiffness and yielding of the SAM is 
discussed in detail in Sections 5.3.4 and 5.5. 
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Figure 5.10: Raw data (pull off curve) showing cantilever deflection and cantilever 
amplitude (normalized) taken in Hexadecane on C10SH SAM with a Si cantilever 
(kc=40N/m). The sample was modulated using a piezotransducer with a peak-to-peak 




5.3.3 Measurements in Air 
 
Fig. 5.11 shows cantilever static deflection and SM-AFM amplitude data taken in air on 
pull off. There is a long range attractive force, which is presumably due to capillary 
effects. Note that this data is obtained with a stiff cantilever (kc= 40 N/m) so there is no 
“jump off” of the contact. The force varies smoothly between the attractive and repulsive 
region. The adhesion minimum is ~-50 nN. The SM-AFM amplitude measures the 
gradient of the force. Hence there is a sharp change in amplitude at the turning point of 
the force curve (indicated by an arrow in Fig. 5.11), not at the adhesion minima. 
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Figure 5.11: Raw data (pull off curve) showing cantilever deflection and SM-AFM 
amplitude (normalized) taken in air with a Si cantilever (kc=40 N/m). The sample was 
modulated using a piezotransducer with peak-to-peak amplitude (A1) of ~2 Å. The 
vertical arrow indicates the turning point of the force curve. 
 
 
5.3.4 Measurement of Interaction Stiffness of the SAM 
 
Of major interest in this work is to understand the mechanical behavior of the tip-SAM 
interaction (or contact) stiffness in the various surrounding media.  Data such as Fig. 5.9-
5.11 can be used to obtain contact stiffness (ki) using Eqn. 3.9. We use the SM-AFM data 
obtained from the retraction of the tip from the surface. In this way, we are certain that all 
the solvation layers have been removed from the tip-sample gap and the tip is in hard 
contact with the SAM surface. 
 
Fig. 5.12 shows the variation of stiffness of the SAM with applied force in air and liquids 
(OMCT, hexadecane). The contact stiffness measured in air or OMCTS show almost 
identical values. The contact stiffness measured in hexadecane is significantly smaller in 
magnitude in comparison to OMCTS and air. These results confirm that hexadecane 
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causes a softening of the SAM i.e. reduction in contact stiffness. The decrease in SAM 
stiffness has important consequences in the measurement of the resistance of the SAM, as 
will be discussed in Section 5.4. The reason behind these observations (Fig. 5.12) could 
be the higher mobility (i.e. fluidity) of the terminal methyl groups of the SAM molecules 
interacting with the hexadecane molecules, which may lead to easier deformation on the 
application of force. Simulations and experiments have shown that SAM molecules can 
deform near the end groups, even at low applied pressures, and the deformation increases 
and reaches a limiting value at higher pressure due to the stiffer backbone of the 
molecules closer to the underlying substrate [196-199].  
 
The weak influence of OMCTS on the SAM may arise from the intrinsically poor 
solubility of alkanethiol in OMCTS or the larger size of the OMCTS molecule, either of 
which lessens the probability of the liquid solvating the SAM layer.  
 
 
Figure 5.12:  Variation of the contact stiffness with force for a C10SH SAM measured 
using sample modulation AFM with a Si probe. The stiffness variation during unloading 
is shown for measurements in hexadecane (□), air (∆) and OMCTS (○).  
 




5.4 Conducting AFM Measurements 
 
5.4.1 Current-Voltage (I-V) Measurements 
 
 
To measure the resistance of the C10SH SAM, current-voltage (I-V) measurements were 
undertaken using C-AFM with the tip in contact with the SAM surface. This was done as 
a function of the applied force in air and liquid (OMCTS and hexadecane). For the I-V 
measurements, the samples were first imaged at very low normal force (~1.0 nN) to find 
flat Au(111) terraces on which experiments were undertaken. Subsequently, two basic 
experiments are done, namely I-V curves and current vs. force spectroscopy.  
 
For I-V measurement the applied force was held constant, the voltage linearly ramped 
from -0.5 to +0.5 V, and the current was recorded. About 30 to 40 I-V curves were 
recorded with each tip at different locations on a terrace and at different normal force. I-V 
curves on the SAM were found to be symmetric and linear over this voltage range 
allowing the contact resistance to be found from the slope of the curve at low bias. For 
example, Fig. 5.13 shows data for I-V curves obtained at different normal loads in 
OMCTS. 
 





Figure 5.13: I-V curves taken on C10SH SAM on Au(111) in OMCTS at three different 
forces. The curves are linear and symmetrical over the low voltage range used. Contact 
resistance is calculated from the slope of the curves. 
 
The low bias I-V curves are linear for all the systems studied and the contact resistance 
thus provides an easily available parameter for comparative purposes. Fig. 5.14 a, b and c 
show variation of contact resistance with load in hexadecane, OMCTS and air. The 
resistance measured from the I-V curve is normalized by dividing by the tip-sample 
contact area (in nm2) which is found for each experiment using continuum mechanics 
models (see Section 5.5). There is significantly higher decrease in contact resistance with 
load in hexadecane in comparison to OMCTS and air. In hexadecane the contact 
resistance for every tip decreases by ~ two orders of magnitude with increase in applied 
load. In OMCTS and air, the decrement is less than ~ one order of magnitude, with half 
of the tips showing very small decrease (a factor of ~ 3). 
 







Figure 5.14 (a) Data showing Au-SAM contact resistance vs. applied force measured 
with different Au coated cantilevers taken in (a) hexadecane (b) OMCTS, (c) Air.  
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The data of Fig 5.14 are taken with essentially the same tip radius (the radius of the tip 
only varies from 20 to 42 nm), yet the scatter in the data is high for nominally identical 
experiments. This is certainly due to unknown tip-sample contact geometry at the atomic 
scale (i.e. molecular roughness), making the DMT model predictions overly simplistic. 
Nevertheless the data trend is clear. At low loads (2nN) the contact resistance is tightly 
grouped around 1.2±0.8 GΩ per nm2 for air and 130±90 GΩ per nm2 for OMCTS. The 
contact resistance in hexadecane has a broader distribution, from ~7 to 70 GΩ per nm2. 
Fig. 5.15 shows the average contact resistance values obtained from the I-V 
measurements in OMCTS, hexadecane and in air. There are two important observations 
namely; a) within error, there is minimal difference in contact resistance at low applied 
force (2 nN) in both of the liquids. However we observe a much lower contact resistance 
in air even at very low applied forces. b) At higher forces, the contact resistance 
decreases sharply in hexadecane in comparison to OMCTS and progressively becomes 
closer to the value observed in air as the force increases. The contact resistance in 
OMCTS decreases with increasing applied force but always differs by more than an order 
of magnitude compared to data taken in air. These results can be explained by the change 
in the stiffness of the SAM in the different media. In OMCTS, the SAM remains stiff and 
undergoes only elastic deformation. In hexadecane, the SAM is mechanically softer and 
can undergo plastic deformation (see Section 5.4.2.2). 
 





Figure 5.15: Contact resistance of C10SH measured by C-AFM in Air (●), Hexadecane 
(■) and OMCTS (▲) as a function of applied normal force. The bigger symbols (circles, 
squares and triangles) are the average of all the measurements for each surrounding 





5.4.2 Current vs. Force Spectroscopy  
 
 
We now tie up the previous sections on SAM stiffness, solvation and contact resistance 





Fig. 5.16a shows a current vs. force measurement of C10SH SAM taken in OMCTS. Fig. 
5.16b shows the corresponding force as a function of tip-sample distance (D). Clear 
solvation layers of OMCTS liquid are observed and the tip only contacts the SAM 
surface (D=0) above a normal force of ~1.25 nN. A measurable current was observed 
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only on the SAM surface i.e. only after all the OMCTS was squeezed out. No current was 
measurable (at 1 pA sensitivity) when the tip was within the first solvation layer (D ≈ 0.9 
nm). Thus the solvation layers have no influence on the measured SAM resistance. 
 
We now consider the tip-SAM contact (D=0). During approach and retraction of the 
probe when in contact with the SAM, the current follows almost the same path (Fig. 
5.16a) and the hysteresis is negligible. This indicates that the deformation of the SAM 
under the probe is elastic in OMCTS. It is widely accepted that the current flow across an 
alkanethiol SAM at constant voltage has two components, chain to chain coupling and a 




             (a)                                                                 (b) 
 
Figure 5.16: (a) Current vs. force curve for C10SH taken in OMCTS with sample at fixed 
bias of 1.0 V. The approach (○) and retraction () curves do not show significant 
hysteresis in the measured current. A pull off force of ~ 1.4 nN is measured. (b) 
Simultaneously measured force curve revealing discrete solvation layering of OMCTS as 
the tip approaches the surface. Jump distances of ~0.9 nm were observed corresponding 
to the diameter of the OMCTS molecule. The tip contacts the SAM at D=0 nm. 
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When the SAM is compressed, only the chain to chain tunneling component varies due to 
the increase in tilt angle of the SAM molecules with respect to the surface normal. Thus 
the current flow at constant voltage is dependent on two main parameters; the contact 
area of the junction (which varies with applied force) and the gap between the Au tip and 
the Au(111) substrate which varies the tilt and hence intermolecular tunneling between 
the SAM molecules. In OMCTS, both the contact area and SAM deformation, both of 
which can be calculated from the current vs. force curve, vary with force as expected for 






Fig. 5.17a shows a current vs. force curve on C10SH in hexadecane and Fig. 5.17b shows 
the corresponding force vs. distance curve (this is Fig. 5.8, repeated here for clarity). The 
confined hexadecane forms solvation layers near the SAM. A small but measurable 
current only occurs when the probe contacts the SAM surface, after squeezing out all the 
hexadecane solvation layers. Thus, as for OMCTS, the solvation layers have no effect on 
the measured current at 1 pA resolution (corresponding to a resistance of 1TΩ). 
 
We now consider the tip-SAM contact (D=0). The contact resistance in hexadecane 
shows a complicated variation with force and significant hysteresis. A small current 
flows up to a threshold force (5-6nN), beyond which the current shows a sharp rise 
(shown by arrow A; Fig. 5.17a). Retraction of the tip shows higher values of current 
compared to the approach curve for the same applied force and the current drops sharply 
below a certain force (~ 3 nN, shown by arrow B). 






Figure 5.17: (a) Current vs force curve for C10SH taken in hexadecane with sample at 
fixed bias of 1.0 V. The current variation with force during approach (○) shows a sharp 
rise in current corresponding to the kink observed in the force curve (marked with arrow 
A). During retraction () there is also a sharp decrease in current corresponding to a kink 
observed in the force curve (marked with arrow B). Significant hysteresis is observed in 
the measured current. (b) Simultaneously measured force curve revealing discrete 
solvation layers of hexadecane as the tip approaches the surface. The approach and 
retraction curves are separated for clarity. Jump distances of ~0.5 nm were observed in 
the approach curve, corresponding to the diameter of the hexadecane molecule. The tip 
contacts the SAM at D=0. 
 
 
This behavior is repeatable and probably indicates a sudden change in conformation of 
the SAM above a critical force. Similar observations have been previously reported [183, 
Chapter 5. Measurements on Self-assembled Monolayer 
 145 
201]. Associated with the sudden changes in current are small kinks in the force curve 
(labeled A and B, Fig. 5.17b). The kinks are similar to pop-in and pop-out events 
observed in nano-indentation experiments, suggesting that they might be linked to 
yielding or the formation of gauche defects in the SAM at certain critical force [201]. The 
kink at arrow A gives a current increase by a factor of ~8 and the current decrease at 
arrow B is by a factor of ~20. From the tunneling equation, which is valid for conduction 
across the SAM, we can write the current (it) at fixed voltage as (see Eqn. 2.23), 
 
                                  ).exp( sit β−∝           (5.1) 
 
where β is the decay factor and s is the thickness of the SAM.  Note that the major change 
in current flow with applied force arises from changes in intermolecular distance i.e. tilt.  
The tilt varies the distance between SAM molecules and hence the through-space tunnel 
current flow. The variation of tunnel current with deformation of the SAM is related 
through the parameter β.  We can find the expected change in current from the measured 
decrease in SAM thickness (∆s) at the kinks in Fig. 5.16b (∆s ≈ 1 Å during approach,      
∆s ≈ 3 Å during retraction). Using β=0.9 Å-1 [200] we estimate the increase in current at 
arrow A during approach as a factor of ~3 and decay in current at arrow B during 
retraction as a factor of ~15, in approximate agreement with our observations. The larger 
jump distance of the kink during the retraction curve can be an indication of reversibility 
of the compressed SAM molecules [201, 202], which seems feasible as the current falls 
to almost the same value as that observed during the approach cycle (≈ 20 pA). The large 
hysteresis and the presence of the kinks indicate that some plastic deformation occurs on 
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loading. This is not surprising given that the SAM has been “softened” by exposure to the 
hexadecane environment, as shown explicitly in the SM-AFM stiffness data (Fig. 5.12).  
 
5.4.2.3 Air  
  
Fig. 5.18 shows the current vs. force measurements of C10SH SAM taken in ambient air. 
Much higher currents (i.e. lower contact resistance) are observed in air compared to 
liquid media even at very low applied loads which can be attributed to the strong 
adhesive forces (≈ 7 nN) acting between the probe and the SAM surface leading to higher 
deformation of the SAM from high stress near the periphery of the contact. The current 
remains high (≥1nA) in air even during the retraction cycle of the force curve and shows 
significant hysteresis in the measured current during approach and retraction of the tip. 
This indicates that plastic deformation is occurring during the loading cycle. Similar 
conclusions have recently been made in the measurement of conductance of C10SH SAM 
in air occurs due to plastic deformation of the SAM [200] .  
 
 
Figure 5.18:  Current vs. force curve for C10SH taken in air with sample at fixed bias of 
0.5 V. The approach (○) and retraction () curves show hysteresis in the measured 
current and a pull off force of ~ 7.0 nN is observed. 
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5.5 Determination of SAM Deformation 
 
 
It is evident that the electrical measurements are strongly dependent on the mechanical 
properties of the junction, and we now consider the force curves in more detail. We 
introduce the contact resistance (R) of the junction, per unit area, given as [200]: 


















          (5.2) 
where SAMδ  is the undeformed SAM thickness, pδ  is the SAM plastic deformation and 
eδ  is the SAM elastic deformation. R0 is the resistance of the molecule-metal contact. For 
elastic deformation, the DMT model can be applied to calculate the contact area        






























eδ                    (5.4) 
where a is the contact radius, r is the tip radius of curvature, K is the effective elastic 
modulus, Fa is the applied normal force and Fc is the pull off force. We use an effective 
modulus of K= 48 GPa for the C10SH-Au contact [200]. The normalization of the 
resistance to the elastic contact area is very useful for comparison of the measured 
resistance at low forces, but is clearly only a crude approximation of area if plastic 
deformation occurs. The I-V data previously reported in Section 5.4.1 was normalized 
using Eqn. 5.3. 
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Accounting for plastic deformation is less straightforward. It is difficult to analyze the 
plastic deformation in the hexadecane system because of the presence of the large kinks 
in the data (Fig. 5.17a). However, the Au-SAM-Au junction also undergoes plastic 
deformation in air and for this data (Fig. 5.18), the current vs. force curve is continuous. 
To analyse we follow a reported formalism [200] to estimate the plastic deformation ( pδ ) 
of the junction by defining the hysteresis ratio (H) as the ratio of the unloading current to 
the loading current at a given force. The hysteresis ratio is a function of total force F, 
( )ca FFF +=  and for tunneling conduction across an alkane SAM we can write, 





unloading δδβ −≈≡ maxexp)(
)(
            (5.5) 
where maxF  is the maximum total force, Fa is the applied force and Fc is the adhesive 
force. The plastic deformation can be described by a power law as,  
 
( ) pnp bFF δδ ≡≡ maxmax          (5.6) 
where b and n are constants. Hence Eqn. 5.5 can be written as, 
( )( )nn FFbH −≈
max
.exp β          (5.7) 
Fig. 5.19a shows fitting of the hysteresis ratio vs. total force curve (solid line) with b and 
n allowed to vary freely. For this data the parameters are β = 0.9 Å-1, Fmax ~ 17 nN, b=1 
and n=0.38. The fitting parameters allow one to calculate the plastic deformation after the 
application of some maximum force (Fmax) using Eqn 5.7. For the data of Fig. 5.18, a 
value of pδ =2.9 Å is found after Fmax ~17 nN is applied. It is useful to view the 
indentation data graphically, as shown in Fig. 5.19b. The indentation in air shows a 
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permanent plastic deformation ( pδ ). The OMCTS data also shows deformation, but this 
is purely elastic.  
        
For completeness, the indentation (δ ) of the SAM is calculated as  [200],  
 























+=+= δδδ        (5.8) 























+=+= δδδδ       (5.9) 
 
 
where K is the effective elastic modulus of the Au-SAM contact (48 GPa) and KSAM is the 
SAM modulus (38 GPa). Eqns. 5.8 and 5.9 are valid for a DMT or Hertz model of the 
elastic deformation. 
 
The data taken in air shows that after unloading there remains a permanent deformation 
pδ of the contact. We found the average SAM plastic deformation for all the data taken in 
air to be ~ 3.3 ± 0.8 Å at the maximum forces of ~20 nN. Note that the maximum force is 
a total force (i.e. the applied force plus the adhesive force). It is the plastic deformation 
that gives rise to low contact resistance in air because the SAM thickness is considerably 




















Figure 5.19: (a) Hysteresis ratio vs. total force (F), plotted for the data of Fig. 5.18 
(C10SH taken in air). The solid line shows the data fitted with a power law equation to 
estimate the plastic deformation. (b) Calculated indentation for C10SH in OMCTS and 
Air. The indentation in OMCTS is elastic, whereas in air there is a plastic component of 
the SAM deformation ( pδ ). In this example, for the data of Fig. 5.18 and 5.19a, we find 













Conduction through an alkanethiol (C10SH) monolayer on Au(111) is measured at low 
applied forces using Au coated C-AFM probes in air and in liquids (OMCTS and 
hexadecane). Liquid layering near the SAM surface was observed, but this does not 
influence the measured contact resistance when the tip contacts the SAM surface. The 
surrounding media does, however, influence the measured molecular resistance by 
changing the mechanical response of the SAM. Variation by orders of magnitude in the 
measured resistance can arise at the same applied force, as verified using current vs. force 
measurements. Significant plastic deformation of the SAM occurs in air and above a 
critical force in hexadecane. However, in OMCTS, the SAM behaves elastically. We 
support these observations by measuring the contact stiffness of the junction in different 
liquids which reveals a much lower stiffness for the SAM in hexadecane, suggesting the 
SAM is easier to deform in comparison to experiments in OMCTS. This suggests a 
solvent dependent variation in interfacial properties of SAM, which affects the 
deformation behaviour of the SAM. Several spectroscopic studies have also shown that 
solvents can have dramatic influence on interfacial order of SAMs depending upon the 
extent of interaction of the solvent with the SAM molecules [203, 204].  
 
The measurement of the conductivity of molecules with C-AFM does appear to be best 
done in liquid; at least for the class of experiments which do not have a chemical bond 
formed at both ends of the tip-molecule-metal contact e.g. dithiols. The measurements 
done in air have strong adhesive forces deforming the contact zone. However, even in a 
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liquid environment, for reproducible measurement of SAM resistance one should ensure 
there is little adhesion in the system chosen and measure at small applied forces. 
Moreover, current vs. force curves should be obtained to verify that the mechanical 
behavior of the contact is elastic at the forces used. Elastic behavior leads to two 
important benefits, namely; a) the contact area can be estimated using continuum 
mechanics models, enabling the current per unit area to be found, and b) to rule out 
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Chapter 6 
Conclusions and Future Work  
In this work solvation forces and contact mechanics between two approaching surfaces 
have been studied at the nanoscale using atomic force microscopy (AFM) in molecular 
liquids. A variety of inert and non-polar liquids such as spherical molecules (e.g. 
OMCTS), linear alkanes (e.g. hexadecane) and branched alkanes (e.g. squalane and 
2,2,4,4,6,8,8-heptamethylnonane (HMN)) were studied on graphite and self assembled 
monolayer surfaces. In addition to simply measuring forces as in conventional AFM, 
experiments were also performed using conducting AFM in liquid where current through 
the probe is monitored. Such simultaneous force and conductivity measurements provide 
a more comprehensive understanding of subtle changes occurring within the contact 
zone.   
 
The first experimental section (Chapter 4) detailed the behavior of the liquids on graphite. 
We find the squeezing of “solid-like” monolayers of linear alkanes (e.g. hexadecane) and 
the branched alkane, squalane, can be described by continuum mechanics models for an 
elastic solid.  This is for the tip both in contact with the underlying substrate and within 
the solvation layers.  The use of C-AFM shows that just before the squeeze-out of the 
monolayer there is a characteristic subtle rearrangement of the molecules under the tip 
apex, in agreement with recent computer simulations [165]. Moreover, the solid-like 
nature of the squalane monolayer on graphite is verified by direct imaging using STM.  
This is the first such imaging of a highly branched alkane and confirms simulations 
which have suggested that even highly branched molecules can exhibit very long range 
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order on adsorption [77]. The existence of this long range order has been controversial 
because previous approaches have all used diffraction based methods. 
 
In contrast, 2,2,4,4,6,8,8-heptamethylnonane (HMN), a more densely branched alkane, 
remains disordered on the surface. Although both squalane and HMN are strongly 
branched alkanes, the disorder/order distinction in the state of the confined monolayer 
leads to striking differences in the solvation layering and squeeze-out behavior of the two 
molecules. Squeezing of HMN reveals significant variability in data due to its disordered 
state. Surprisingly, continuum elastic models cannot be applied to describe the contact, 
either on the monolayer or with the tip in contact with the graphite. We postulate that 
“liquid-like” HMN molecules always remain trapped within the tip-sample junction, even 
at very high applied loads, as suggested in a recent simulation showing trapping of 
molecules under a nanoscale confinement [99]. Molecular scale STM images of this 
disordered system could never be obtained. 
 
The mechanism of trapping of the disordered molecules within the nanoscopic contacts 
was further confirmed by repeating the current vs. force measurements at elevated 
temperatures (above the monolayer melting temperatures of hexadecane and squalane) 
which changes the data from solid like behaviour ( at low temperature) to that observed 
for disordered HMN molecules. Also, current vs. force measurements of short-chain 
alkanes (decane and dodecane), which do not form an ordered monolayer on graphite at 
room temperature, reveal similar behavior as HMN. Finally, experiments performed at 
much slower approach speed, which allows enough time for the confined molecules to 
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diffuse out of the contact zone, reveal elastic solid-solid contact. All the results suggest 
that the dynamics of the confined molecules between have significant implications in 
contact mechanics, particularly when one must now consider a new mechanism; molecule 
trapping. 
   
In the second section (Chapter 5), surface forces in air, hexadecane and OMCTS on a 
self-assembled monolayer (SAM) surface were studied using C-AFM in order to 
understand the effects of liquids on measured contact resistance. This is an important 
issue for molecular electronics because a range of C-AFM studies conducted on simple 
monothiol SAM in various liquids and air have revealed orders of magnitude 
discrepancies in the measured contact resistance. We show that liquid solvation layering 
does occur near the SAM surface but this does not influence the measured contact 
resistance provided the tip contacts the SAM surface. The surrounding media does 
influence the measured resistance by changing the mechanical response of the SAM. 
Significant plastic deformation of the SAM occurs in air and above a critical force in 
hexadecane. However, in OMCTS, the SAM always behaves elastically and it is under 
elastic loading that reproducible results can be obtained. The observation of oscillatory 
solvation forces on SAM is also of fundamental interest as it shows that these surface 
forces may also occur on molecularly rough surfaces, opening the possibility of studying 
solvation forces and lubrication near individual molecules imbedded within a model 
SAM film.  
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The work presented in dissertation shows that various factors such as shape of molecules, 
temperature, speed of experiments etc. can have significant effect on solvation forces and 
squeeze-out behaviour of confined materials. This opens numerous possibilities to 
explore these systems with other AFM techniques and to study different systems of intent 
for tribology and biology. Dynamic mode AFM can be used to give information about the 
viscosity of the confined molecular liquids. Measuring the effect of molecular shape, 
temperature and speed of approach on viscosity with dynamic mode AFM will provide 
critical information on the timescales of the molecular motion and lead to a quantification 
of the terms “solid-like” and “liquid-like”. It is also possible to combine conductivity 
measurements with dynamic mode AFM measurements to give additional information 
about the confined material, as demonstrated in this work. Conducting AFM would be 
more versatile if robust metallic tips were available. At present, only low voltages can be 
applied and scanning kept to a minimum. The fabrication of robust tips would enable, for 
example, the measurement of current flow in outer solvation layers by increasing the 
applied bias voltage. The current flow during scanning could also be measured and thus 
the current measured simultaneously with the friction forces acting on the point contact.  
 
Applying the C-AFM and solvation force measurements to other systems is also of 
considerable interest. Using various SAMs it is possible to create a variety of interesting 
surfaces to understand effect of substrate properties on solvation forces. For example, 
molecular roughness can be created by mixing thiol molecules with different chain 
lengths or surface chemistry can be tuned by using thiol molecules with variety of end 
groups (-CH3, -OH, -NH2, -COOH  etc.). The solvation forces and friction (viscosity) 
measured on such surfaces will probe confinement phenomena on a highly local scale. 
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Similarly, biomolecules such as proteins and DNA interact within solvents and their 
behaviour (e.g. folding, recognition) depends on forces in liquids acting over molecular 
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